





























































Radiocarbon analysis of dissolved organic 
carbon from ice cores 
 
Inaugural dissertation 
of the Faculty of Science, 








Supervisor of the doctoral thesis: 
Prof. Dr. Margit Schwikowski 
Department of Chemistry and Biochemistry, University Bern 
















Radiocarbon analysis of dissolved organic 




of the Faculty of Science, 









Supervisor of the doctoral thesis: 
Prof. Dr. Margit Schwikowski 
Department of Chemistry and Biochemistry, University Bern 




Radiocarbon analysis of dissolved organic 
carbon from ice cores 
 
Inaugural dissertation 
of the Faculty of Science, 






Supervisor of the doctoral thesis: 
Prof. Dr. Margit Schwikowski 
Department of Chemistry and Biochemistry, University Bern 
Laboratory for Environmental Chemistry, Paul Scherrer Institute 
 
 
Accepted by the Faculty of Science. 
 
Bern, 2. June 2020                                                                    The Dean 


































Summary ........................................................................................................... 10 
1 Introduction ................................................................................................... 16 
1.1 Climate change .............................................................................................................. 16 
1.2 The effect of atmospheric aerosols on climate .............................................................. 17 
1.3 Glacier archives ............................................................................................................. 20 
1.4 14C dating of ice cores ................................................................................................... 22 
1.5 Objectives ...................................................................................................................... 26 
Bibliography ........................................................................................................................ 29 
2 Methodology ................................................................................................... 34 
2.1 Separation of the particulate organic and elemental carbon fraction ............................ 34 
2.2 DOC extraction for 14C analysis .................................................................................... 35 
2.3 Radiocarbon analysis ..................................................................................................... 37 
2.3.1 General concept ...................................................................................................... 38 
2.3.2 14C measurement ..................................................................................................... 38 
2.3.3 14C applications ....................................................................................................... 41 
Bibliography ........................................................................................................................ 44 
3. Extraction of dissolved organic carbon from glacier ice for radiocarbon 
analysis .............................................................................................................. 48 
Abstract ................................................................................................................................ 49 
3.1 Introduction ................................................................................................................... 50 
3.2 Experimental .................................................................................................................. 51 
3.2.1 Extraction Setup ...................................................................................................... 52 
3.2.2 Sample Preparation and Decontamination .............................................................. 56 
3.2.3 DOC extraction ....................................................................................................... 57 
3.3 Characterization ............................................................................................................. 59 
3.3.1 Oxidation Efficiency ............................................................................................... 59 
3.3.2 Standards and Blank ............................................................................................... 60 





3.4 Conclusions ................................................................................................................... 65 
Bibliography ........................................................................................................................ 66 
4. Radiocarbon dating of alpine ice cores with the dissolved organic carbon 
(DOC) fraction .................................................................................................. 70 
Abstract ................................................................................................................................ 71 
4.1 Introduction ................................................................................................................... 72 
4.2 Sample preparation and 14C analysis ............................................................................. 74 
4.3 Results ........................................................................................................................... 77 
4.3.1 DOC and WIOC concentration ............................................................................... 77 
4.3.2 14C results ................................................................................................................ 81 
4.4 Discussion ...................................................................................................................... 83 
4.4.1 Potential contribution of carbonates to WIOC dating ............................................. 83 
4.4.2 Age scales ............................................................................................................... 86 
4.5 Conclusion ..................................................................................................................... 90 
Bibliography ........................................................................................................................ 92 
5. 14C age constraints in the Mt. Hunter, Alaska ice core: implications for 
Central Alaska Holocene ice extent and climate ........................................... 96 
Abstract ................................................................................................................................ 97 
5.1 Introduction ................................................................................................................... 98 
5.2 Methods ....................................................................................................................... 100 
5.2.1 Annual layer counting (ALC) in the Mt. Hunter ice core ..................................... 100 
5.2.2 Mt. Hunter ice core 14C analysis ........................................................................... 102 
5.3 Results ......................................................................................................................... 103 
5.3.1 Mt. Hunter ice core 14C data ................................................................................. 103 
5.3.2 Age scale modeling ............................................................................................... 108 
5.4 Discussion .................................................................................................................... 110 
5.4.1 Implications for North Pacific/Arctic ice core chronologies ................................ 110 
5.4.2 Holocene ice extent and hydroclimate in Central Alaska ..................................... 112 
5.5 Conclusion ................................................................................................................... 113 
Bibliography ...................................................................................................................... 116 
8 
 
6. Enhancement of biogenic secondary organic aerosol formation during the 
20th century: insights from radiocarbon in organic carbon from a high 
Alpine glacier .................................................................................................. 120 
Abstract .............................................................................................................................. 121 
6.1 Introduction ................................................................................................................. 122 
6.2 Results and Discussion ................................................................................................ 123 
6.2.1 Temporal trends in concentration of carbonaceous aerosols ................................ 123 
6.2.2 Constraints on BC emissions ................................................................................ 126 
6.2.3 Sources of enhanced non-fossil OC in late 20th century ...................................... 128 
6.3 Methods ....................................................................................................................... 133 
6.3.1 Sample selection ................................................................................................... 133 
6.3.2 Sample Preparation ............................................................................................... 134 
6.3.3 WIOC and EC separation and quantification ........................................................ 135 
6.3.4 WSOC estimation ................................................................................................. 135 
6.3.5 14C analysis ............................................................................................................ 136 
6.3.6 Radiocarbon based source apportionment ............................................................ 136 
6.3.7 Potential emission source regions ......................................................................... 138 
Bibliography ...................................................................................................................... 146 
7. Conclusion and Outlook ............................................................................ 154 
Acknowledgements ......................................................................................... 158 
Declaration of consent .................................................................................... 162 











Global mean surface temperature has been increased 0.85 oC since 1900. With current 
greenhouse gas emissions, this warming trend will likely continue to reach up to 1.5 oC during 
2030-2050. This warming coupled with the corresponding climate consequences has become 
an important issue for our society. Atmospheric aerosols can modify the earth’s radiation 
balance directly by scattering or absorbing light and indirectly through the interaction with 
clouds. However, the aerosol radiative forcing is not well understood and quantified at present 
time largely due to the lack of knowledge about the pre-industrial aerosol, which causes a large 
fraction of the uncertainty in anthropogenic forcing.   Carbonaceous aerosols, consisting of the 
fractions of Element Carbon (EC) or Black Carbon (BC) depending on the analytical method, 
Water Insoluble Organic Carbon (WIOC), and Water Soluble Organic Carbon (WSOC), for a 
major part of fine particles have attracted scientific attention due to their optical properties. 
Precise reconstructions of pre-industrial natural aerosol background will help to constrain the 
cloud albedo change due to anthropogenic emissions. High alpine glaciers are valuable archives 
for past climate and atmospheric compositions. These glaciers are mostly located around 
densely populated and highly industrialized regions experiencing strong changes by human 
activities. Aerosols are transport and deposited on glaciers by wet and dry deposition. Major 
ion records (e.g. sulphate, nitrate, and ammonium) have revealed that human activities caused 
a major change in the atmospheric composition since the beginning of the industrial revolution. 
However, regarding to the major fraction of fine aerosols, only very few data of carbonaceous 
particles (EC, WIOC and WSOC) have been reported from ice cores.  
A precise chronology is essential to interpret the climate signal and atmospheric 
composition preserved in ice cores. Radiocarbon dating of the WIOC fraction has become an 
important dating tool to constrain the age of ice cores from nonpolar regions. However, in some 
cases this method is restricted by the low WIOC concentration present in the ice.  The WSOC 
fraction is preserved in ice cores in the dissolved form (DOC) together with organic gases taken 
up during the snowfall.  It holds great potential for 14C dating since much higher concentration 
is observed in ice cores. This thesis presents an extraction system for radiocarbon analysis of 
DOC in ice cores. A photo-oxidation method was applied by means of external UV irradiation 





Fe2+ and H2O2, an efficiency of 96 ± 6 % on average was achieved. Inert gas working conditions 
and stringent decontamination procedures enabled a low overall blank of 1.9 ± 1.6 μg C with a 
F14C value of 0.68 ± 0.13. The setup can process ice samples of up to 350 g mass and offers 
ultra-clean working conditions for all extraction steps. This makes it possible to analyse the 
DOC in ice samples with a carbon content as low as 25 µg kg-1 ice. The comparison with other 
devices for 14C analysis of DOC shows the setup performs excellent in terms of low carbon 
background with the advantage of higher carbon yields while keeping analysis time low. First 
analysis of firn samples from Piz Zupò (3900 m asl., Swiss Alps) over the period of 1991-1995 
resulted in much higher values (950-1440 µg kg-1) compare to previous studies from Col du 
Dôme (French Alps) with DOC values of around 200 µg kg-1 at similar time. Furthermore, this 
analysis also indicated the high risk of DOC contamination in firn samples, at least if the 
samples had been stored for a longer period of time.  
This high performance DOC extraction system for 14C analysis allows for investigating 
the potential of applying the DOC fraction for ice core dating. Bottom samples from four 
different high-alpine glaciers (Colle Gnifetti, Belukha, ShuLeNanShan and Chongce) were 
dated with DO14C in parallel with the well-established WIO14C dating method. 14C ages of the 
two fractions yielded a comparable probability distribution with WIO14C systematically 
resulting in a slightly older mean age for samples younger than 1000 years. This could be caused 
by an incomplete removal of carbonates (14C dead) on the filtered WIOC samples. There is no 
indication of in-situ 14C production systemically contribution to DOC as reported in a previous 
studies. This confirms that 14C dating of the ice entrapped DOC fraction is applicable and a 
valuable future tool for the dating of ice samples. Meanwhile, it clearly demonstrates the 
benefits of using DOC fraction for dating are not just the reduced required ice amount but also 
improving the analytical precision. In addition, there is less reservoir effect and no carbonates 
bias from mineral dust for high dust loaded samples.   
The bottom ages of the four glaciers show a decrease with latitude. The northernmost site, 
Belukha glacier, preserved much older ice close to bedrock than the other sites. A mean age > 
20,000 year calBP for the deepest sample of the Belukha core was obtained with both, DO14C 
and WIO14C dating, indicating the Belukha glacier is of late Pleistocene origin. Since the DO14C 
and the WIO14C fraction yielded the same age for the ice sample just above the bedrock, a bias 
from mineral dust on the WIO14C fraction can be excluded. Thus, Belukha glacier has a great 
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potential for reconstruction climate records far back into the Pleistocene in the bottom most few 
meters. The two glaciers from the Tibetan Plateau  (ShuLeNanShan and Chongce) show similar 
bottom ages around 5500-6000 year BP, which confirmed  the previous reported age range of 
Tibetan Plateau glaciers (Hou et al., 2018). The deepest sample age of DO14C from Chongce 
core 1 (5285-5875 calBP) is in the similar age range as the bottom WIO14C sample (5997-6443 
calBP) of Chongce core 2 located about 2km away from core 1 drilling site. The DO14C dating 
results shed light on longstanding unresolved questions about the potential WIO14C dating bias 
due to the presence of carbonates in the ice, particularly for samples with high loadings of dust. 
Quantification of this effect based on Ca2+ concentrations in the future will be helpful to 
potential correct WIO14C dating. Finally, with this new DO14C method, it may be possible to 
push radiocarbon dating of ice cores a step forward even to remote and Polar Regions. 
The first radiocarbon dated North Pacific/Artic ice core is shown in this thesis. The 
chronology of the Mt. Hunter core form the central Alaska Range (62o56’N, 151o5’W, 3900 m 
asl.) was established by the combination of WIO14C and DO14C dating. This core is of great 
interest, since it may have preserved signals representative of the North Pacific climate. 
Understanding the climate variability of this region during warm intervals outside of the 
Common Era is essential for answering the question whether the positive phase of Pacific 
Decadal Oscillation is persistant and continues contributing to Arctic warming in the future. 
However, most of the existing ice cores extracted from the Alaska/Yukon region only archived 
few century because core recovery did not reach bedrock. A 208 m surface to bedrock ice core 
was retrieved from the summit plateau of Mt. Hunter in central Alaska in the year 2013. The 
annual layer signal is unambiguous down to a depth of 190 m (152.8 m w.eq), suggesting that 
the ice is 1203 years old with an uncertainty of about ± 41 years. Below that depth, annual 
layering could not be identified anymore due to glacier flow induced strong thinning. By 
applying 14C dating and a two-parameter flow model, a continuous depth-age relationship was 
established. For the deepest sample, DO14C dating was used due to the small ice amount. This 
is the first time micro radiocarbon dating was applied to ice from an  Arctic core, which was 
achieved by increasing the amount of ice  (>1 kg) to obtain the required carbon mass and by 
using a new technique based on the DOC fraction in ice for 14C analysis.  Calibrated 14C ages 
from the two bottom most samples (7946-10226 cal BP and 7018-7975 cal BP) indicate that 
the Mt. Hunter glacier is of early Holocene origin.  The estimated basal ice age from the depth 





show small changes in 14C ages from 3200 to 3500 BP. This could be due to an increase in 
accumulation during the regional neoglaciation. As one of few existing ice cores from the North 
Pacific region covering most of the Holocene, the Mt. Hunter core provides the possibility to 
investigate the millennial scale hydroclimate variability further back in time. 
 Besides dating purposes, measurement of the radiocarbon content provides a powerful 
tool for long-term source apportionment studies of carbonaceous aerosols. The impact of 
aerosol particles on the Earth’s radiation balance remains poorly constrained, leading to 
considerable uncertainties in predicting the climate sensitivity to greenhouse gases. A large part 
of these uncertainties is related to the deficient knowledge of the magnitude of pre-industrial 
emissions, particularly for carbonaceous compounds forming a major fraction of the 
atmospheric aerosol. Ice core records exist for BC, WIOC and organic tracers, but information 
is rare for WSOC, forming a major fraction of carbonaceous aerosols. The first WSOC 
concentration record covering the pre-industrial to industrial time period was obtained in this 
thesis from DOC analyzed in the high-alpine ice core from Fiescherhorn (6o33’3.2’’N, 
08o04’0.4’’E, 3900 m asl., Swiss Alps) by subtracting the concentrations of formic and acetic 
acid. A complete 340-year concentration record of all the major carbonaceous aerosol fractions 
(EC, WIOC and WSOC) was retrieved, whereby each component was separated into fossil and 
non-fossil contribution using the 14C content. The total carbonaceous aerosol concentration 
(sum of WIOC, WSOC and EC) increased by a factor of three at the end of 20th century 
compared to the pre-industrial background and  fossil fuel combustion contributed up to ~32% 
of this increase. EC has highest values in the first half of the 20th century, to a large extend 
caused by fossil fuel emissions. In contrast, OC (WIOC and WSOC) shows a strong increasing 
trend between 1940 and 1980, mostly of non-fossil origin, which is not reflected in the potential 
source region emission estimates of OC. We attribute this trend primarily to enhancement of 
SOA formation caused by the presence of anthropogenic precursor gases or/and by the increase 
of the atmospheric oxidative capacity. Thus, bottom-up emission inventories seem to heavily 
underestimate the atmospheric OC loading by not accounting adequately for SOA formation, 
limiting the capacity of current models in estimating anthropogenic aerosol forcing. 
This thesis demonstrated the great potential of radiocarbon analysis of DOC in ice core 
studies in two different perspectives: first, applying the DO14C dating to establishing ice core 
chronologies. The similar age distributions of DO14C and WIO14C ages indicate the potential 
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for DO14C as dating tool. An advantage of DO14C dating is that carbonates are completely 
removed during the DOC extraction, even for high mineral dust loading.  Secondly, to 
reconstruct carbonaceous aerosol concentrations for improving the understanding of the natural 
variations and anthropogenic contributions. This is important to constrain emission estimates 
used to simulate aerosol forcing in current climate models. The future improvement of the 
filtration section in the DOC extraction setup will allow the efficient analysis for all three major 
components of carbonaceous aerosols (WSOC, WIOC, and EC) in the same sample, which in 
return allows reducing the required amount of ice. Aerosols have very different regional scale 
distribution due to their short atmospheric lifetime and the uneven distribution of emissions 
sources. In addition, the onset of anthropogenic emissions varies from region to region.  
Reconstructing carbonaceous aerosol records from various locations could give more details on 
the regional and global picture how anthropogenic activities have affected the aerosol 
concentration and composition. This could help to improve the understanding of the climate 












1 Introduction  
 
 1.1 Climate change 
 
Observed global mean surface temperature in 2006-2015 was 0.85 oC (range from 0.75 to 0.99 
oC) higher compared to the average over the 1850-1900 period [IPCC SR1.5, 2018]. Human 
activities caused about 1.0 oC of temperature raise above pre-industrial level until now (Figure 
1.1). With current greenhouse gas emission, this warming trend is likely continue to reach up 
to 1.5 oC during 2030-2050. Paleoclimate reconstruction from a range of natural archives (tree 
ring, ice core, coral, etc.) suggest that there is no evidence of preindustrial coherence of climate 
cold and warm epochs over the past 2,000 years [Neukom et al., 2019]. However, the ongoing 
rapid warming trend was observed across larger spatial scales for the past 150 years, underlining 
its uniqueness. The temperature increase results in further long-term changes in climate system, 
like sea level rise, glaciers and ice sheet melting, and albedo change. These changes, in return, 
have a positive impact on the surface radiation balance (positive climate feedback).  
The surface temperature increase does not only change the climate system, but also had 
a strong impact on human society during the last decades in direct and indirect ways. The 
extreme summer weather in 2003 caused over 14800 deaths and increased mortality in France 
Dhainaut et al., 2003. The World Health Organization (WHO) estimated that climate change 
would cause approximately 250`000 additional deaths per year between 2030-2050 [WHO, 
2014]. Over the period of 1901-2010, global mean sea level rose by 0.19 m [IPCC AR5, 2013], 
which is of great concern since a majority of people live in coastal cities and on islands. In 
addition to economic damage, droughts, flood and extreme events also threaten citizens safety 
in terms of clean air, safe drinking water sources, food supply and safe shelter.  
To project the future climate response to anthropogenic activities, an accurate estimation 
of natural and anthropogenic radiative forcing is crucial for climate models. Although the 
greenhouse gas forcing is relatively well constrained, the climate sensitivity remain largely 
uncertain due to the large uncertainty in anthropogenic aerosol forcing [IPCC AR5, 2013]. The 
impact of aerosols and aerosol-cloud albedo interactions is highly uncertain, and it is even not 




aerosol and aerosol-clouds radiative forcing affects our understanding and the quantification of 
the sensitivity of the climate system to anthropogenic activities.  
Figure 1.1 Global mean surface temperature (GMST) record. Figure from IPCC SR1.5 (2018). 
The gray line shows the monthly mean GMST from different observation dataset. The yellow 
line indicate the human induced temperature changes and the total (human- and naturally-forced) 
contributions to these GMST changes are shown in orange. The thin blue lines show the 
modelled global mean surface air temperature (dashed) and blended surface air and sea surface 
temperature accounting for observational coverage (solid) from the Coupled Model 
Intercomparison Project phase 5 (CMIP5) historical ensemble average extended with RCP8.5 
emission scenario. The pink shading indicates a range for temperature fluctuations over the 
Holocene. The light green area depicts the AR5 projection for average GMST over 2016–2085.  
 
 1.2 The effect of atmospheric aerosols on climate 
 
Atmospheric aerosols modify the earth’s radiation balance directly by scattering or absorbing 
light and indirectly through the interaction with clouds. The main source of natural aerosols are 




particles emitted from fossil fuel burning, anthropogenic biomass burning and land use are 
categorized as anthropogenic aerosol. Human activities have resulted in an increase of 
anthropogenic aerosol emissions since industrial evolution. However, the magnitude of the 
natural and anthropogenic aerosol effect on climate is still uncertain, largely due to the complex 
dynamics of aerosols in the climate system. A certain fraction of the aerosol particles can act 
as cloud condensation nuclei (CCN) or ice-nucleating particle (INP), which affects the cloud 
albedo and lifetime [Lohmann and Feichter, 2005; DeMott et al., 2010]. Mineral dust is a major 
component of atmospheric aerosols. It scatters and absorbs both short and long wave length 
radiation [McCormick and Ludwig, 1967; Miller and Tegen, 1998]. Sulfate aerosol increase 
reflection of solar radiation back to space [Kiehl and Briegleb, 1993], which could reduce the 
anthropogenic forcing. Black carbon shows a strong positive radiative forcing with increasing 
atmospheric burden, whereas organic aerosols cause a direct and indirect negative radiative 
forcing [Maria et al., 2004]. Biogenic new particle formation might have resulted in a higher 
pre-industrial aerosol load, which reduced the anthropogenic radiative forcing when included 
in a global aerosol model [Gordon et al., 2016]. Aerosols not just have an influence on climate, 
but also threaten people’s safety in many different ways. WHO estimates that around 7 million 
people die every year from diseases (like stroke, heart disease and lung cancer) caused by the 
exposure to fine particles in the polluted air [WHO 2018]. 
Organic aerosols significantly contribute to fine particles and account for 20-50% of the 
fine aerosol mass at mid latitudes and up to 90% in tropical forest regions [Andreae and Crutzen, 
1997; Putaud et al., 2004]. Depending on how they formed, organic aerosols commonly 
categorize into primary organic aerosol (POA) and secondary organic aerosol (SOA).  POA is 
emitted directly from natural sources (vegetation, micro-organisms and wild forest fires) and 
by anthropogenic activities (like incomplete combustion, agriculture). Gas phase organic 
compounds may become oxidized in the atmosphere, resulting in less volatile species, which 
then partition into the solid phase to generate aerosol phase organic particles as SOA. Volatile 
organic compounds (VOCs) are ubiquitous as the main gas phase organic compounds. Biogenic 
VOCs are emitted into the atmosphere from natural sources like marine phytoplankton, 
terrestrial vegetation and soil micro-organisms. In contrast to greenhouse gases, on the global 
basis, anthropogenic VOCs (AVOCs) emissions are 5-10 times lower than biogenic VOCs 




Carbonaceous aerosol particles are the dominant component of atmospheric aerosols and 
compose ∼40% of the total aerosol mass in Europe [Yttri et al., 2007]. They consist of two 
major fractions, black carbon (BC) or element carbon (EC) and organic carbon (OC) based on 
the physical and chemical properties. The terminology of BC or EC has originated from the 
measurement techniques used: BC is determined using optical methods as the fraction is 
optically absorptive and EC refers to the fraction measured through thermal combusting in an 
oxygenated helium atmosphere.  BC/EC are directly emitted from combustion of fossil fuel and 
biomass. The sources, chemical composition and morphology of OC have a large spatial and 
temporal variability. OC is composed of two main fractions, water insoluble organic carbon 
(WIOC) and water soluble organic carbon (WSOC) based on their solubility. Different to 
WIOC, which mainly consists of primary organic aerosol from direct emissions, water soluble 
organic carbon (WSOC) contains to a large part secondary organic aerosols (SOAs) formed in 
the atmosphere from volatile organic precursor compounds [Gelencsér et al., 2007]. WSOC 
typically contributed 20-80% of the total organic carbon depending on the season and region 
[Decesari et al., 2001; Ram and Sarin, 2010; Khare et al., 2011]. At the alpine high elevation 
site of Sonnblick (3106 m asl.), the ratio of WSOC/WIOC was about 1.5 [Pio et al., 2007]. 
WSOC is a major fraction of organic aerosols in the atmosphere, however, its sources are not 
well constrained. Recently carbonaceous aerosol have attracted a lot of attention because of 
their optical properties. BC/EC absorb solar radiation and heat up the atmosphere, whereas 
organic aerosols mostly cool the atmosphere [Japar et al., 1986; Penner et al., 1998; Maria et 
al., 2004].  In addition, when BC/EC is deposited on bright surfaces, like snow and ice, it can 
change the surface albedo and lead to warming.  
An accurate estimation of climate forcing from carbonaceous aerosols requires good 
knowledge of temporal and spatial, fraction resolved emissions. Modelled aerosol climate 
forcing is highly uncertain and strongly depends on the pre-industrial aerosol loading [Carslaw 
et al., 2013]. The cloud albedo has a non-linear relationship with anthropogenic emissions 
(Figure 1.2).  As consequence, the global mean cloud albedo of the pristine pre-industrial 
atmosphere was very sensitive to changes in emissions, with strong implications for the 
estimation of anthropogenic aerosol forcing [Carslaw et al., 2013]. Precise reconstructions of 
pre-industrial natural aerosol background will help to constrain the cloud albedo change due to 
anthropogenic emissions. Which in return could narrow down the uncertainty of radiative 






Figure 1.2 Cloud albedo changes in dependence of anthropogenic emissions. Due to the non-
linear relationship, the cloud albedo is much more sensitive to changes in anthropogenic 
emissions in pre-industrial times compared to the industrial period. Figure adapted from 
Carslaw et al., 2013.   
 
 1.3 Glacier archives 
 
There are many valuable climate archives (for example historical documents, tree rings, ice 
cores, lake and ocean sediments and peat bogs), which record the past climate related 
parameters (proxies) in different way. Tree rings and sediments can provide information about 
temperature and precipitation further back in time compared to historical documents. However, 
only ice cores preserve the atmospheric composition. Glaciers in mid and low latitudes and ice 
sheets in Polar Regions are natural archives of past precipitation, temperature, atmospheric 
composition and circulation. Snow deposits and accumulates on glaciers and is transformed 
into firn and ice through snow metamorphism. Inert gases are entrapped in air bubbles, from 
which they can be measured directly. Particles and soluble gases are taken up during cloud 
formation and snowfall (Figure 1.3). Records of atmospheric CO2 concentration have been 
obtained back to 800,000 years ago from the European Project for Ice Coring in Antarctic 




syntheses continue to make excellent use of individual polar records, there is also recognition 
of significant regional-scale variability that needs to be understood and reconciled with the 
broad view of insolation being the key driver of Holocene climate change, particularly in the 
high latitude Northern Hemisphere [Renssen et al., 2009]. 
Atmospheric aerosol particles incorporate into snow through in-cloud and below-cloud 
scavenging and are subsequently deposited on glaciers [Baltensperger et al., 1998]. Therefore, 
one of the most important approaches (the only direct approach) to constrain the pre-industrial 
aerosol burden is to obtain records from ice cores. However, Polar ice sheets are located far 
away from the source regions. On the other hand, high-alpine ice cores can provide paleo-
climate and atmospheric information on decal to millennial time scales, which allow 
reconstruction of climate and atmospheric composition from the most interesting transition 
period of pre-industrial to industrial [for example Schwikowski, 2004; Uglietti et al., 2016; 
Eyrikh et al., 2017]. In addition to that, these ice cores are from most densely populated regions, 
which are directly impacted by anthropogenic activities. Alpine glaciers offer the possibility to 
derive information on past changes in emission sources, atmospheric loading and composition 
of aerosols in Europe.  
Major ion records (e.g. sulphate, nitrate, and ammonium) and trace element records from 
alpine glaciers have revealed that human activities have significant impact on atmospheric 
composition [Schwikowski, 2004; Eichler et al., 2012; Eyrikh et al., 2017]. Long-term high-
resolution BC/EC records have been reported from multiple locations from Greenland to alpine 
glaciers [Ruppel et al., 2014; Osmont et al., 2018; Sigl et al., 2018],  but pre-industrial records 
of OC aerosols are very rare [Lavanchy et al., 1999; Jenk et al., 2006; Legrand et al., 2007; May 
et al., 2013 ]. The very first historical records of carbonaceous aerosol (EC, WIOC, TC) were 
reconstructed from Colle Gnifetti, Swiss Alps [Lavanchy et al., 1999]. This record indicated 
the WIOC concentration had increased by factor of two to three times in 1980s compare to pre-
industrial level. This increasing trend of OC in the 20th century was confirmed by another record 
from Col du Dôme ice core, French Alps later on [Legrand et al., 2007; Legrand et al., 2013]. 
Also the major fraction of organic aerosol, WSOC, which is analyzed in the ice as DOC and It 
may also contain organic gases taken up during snowfall, was for the first time measured in the 
same core. The average WSOC/WIOC concentration ratio is ~three in ice [Legrand et al., 2013]. 




records of the three major fractions of carbonaceous aerosols (WIOC, WSOC, EC) from one 
ice, covering the whole period of pre-industrial up to modern time.  
 
Figure 1.3 Sources of OC preserved in ice cores. Secondary organic carbon formed from 
biogenic and anthropogenic volatile compound emissions through chemical oxidation in the 
atmosphere. Together with primary organic carbon transport to higher altitude due to 
convection. Part of the organic aerosol deposited on the glacier through wet and day deposition.  
 
 1.4 14C dating of ice cores  
 
In order to interpret the climate record archived in glaciers, establishing a precise chronology 
is essential. Annual layer counting is one of the fundamental methods used for ice core dating.  
Which is based on seasonal variability in chemical and physical signals, like ammonium, water 
isotopes and conductivity. However, this method is only available down to a certain depth for 
Alpine ice cores due to the strong thinning in the deep part. Meanwhile, missed years or 
miscounting leads to accumulating errors with depth. Therefore, independent absolute dating is 
required for the validation of ice chronology. Absolute time horizons are helpful to pin down 
the age of the ice. The most profoundly identified event is the bomb test peak in 1963 (Figure 
1.4). This signal is documented in multiple proxies, like the tritium and cesium peak. Besides 
that, volcano eruptions also are commonly used as time markers. They are indicated as peaks 




Tambora in 1815 were observed in ice cores [Cole‐Dai et al., 2009; Jenk et al., 2009]. The 
eruptions from 18th century (Laki eruption in 1783 and Pavlof in 1763) are also used for 
chronology validation [Winski et al., 2017]. Additionally, Saharan dust events are well 
documented during the 20th century, which can be easily identified in Alpine ice cores. The 
most common events are from 2000, 1977, 1947 and 1901 AD. However, all these Horizons 
are limited to a time length of hundred years.  
 
 
Figure 1.4 Depth age scale from Chongce core 4 from the north-western Tibetan Plateaus. 
Figure from Hou et al., 2018. The red cross stands for the tritium horizon (1963), green 
diamonds for 210Pb ages, and the blue dots for calibrated 14C ages of WIOC with 1σ error bar. 
The dashed lines represent the 1σ confidence interval of the 2p model fit (solid black line). 
Radioactive elements contained in the ice offers another opportunity to obtain absolute 
dates from ice samples. The concentrations of 39Ar and 32Si are both very low requiring several 
kg of ice sample for dating [Morgenstern et al., 2010; Feng et al., 2019]. 210Pb and 14C are the 
most promising radioactive dating techniques. With the half-life of 22.3 years, 210Pb can be 




scale ice cores, 14C dating is the ideal isotope, having a half-life of 5370 years which allows 
dating up to 26000 years [Godwin, 1960], which covers most of the time range for alpine 
glaciers [Uglietti et al., 2016]. To establish a completed depth age scale extrapolate down to the 
bedrock, ice flow models are typically used. The Figure 1.4 show an example of depth-age scale 
based on the combination of all these dating methods. Ice flow models require many basic 
assumptions like constant accumulation, which we know do not represent real conditions. All 
these assumptions introduce more bias into the bottom most part. Even with 3D models, which 
require complex geometry data, is still challenging to simulate the bottom age [Licciulli et al., 
2020].  Meanwhile this underlines the importance to have absolute dating in the bottom part of 
the core. 
The 14C-dating method using the WIOC fraction has been applied for multiple mid-
latitude ice cores, for example [Jenk et al., 2009; Sigl et al., 2009; Aizen et al., 2016; Uglietti 
et al., 2016; Hou et al., 2018]. Before the industrial period, carbonaceous aerosols were mainly 
emitted from the living biosphere and biomass burning as well as being produced by secondary 
organic aerosol formation from gaseous precursors. Consequently, this carbon reflects the 
contemporary atmospheric 14C content. After deposition, the WIOC is incorporated into glacier 
snow, firn and ice and undergoes radioactive decay with a half-life of 5730  years [Godwin, 
1962]. The Figure 1.5 demonstrates the location of samples dated with WIO14C worldwide. The 
improvement of 14C measurement instrument precision reduced the required ice sample size. 
With a carbon amount larger than 10 µg a reasonable dating precision of 10-20% was obtained 
[Uglietti et al., 2016]. However, the low WIOC concentration in glaciers remote from sources, 






Figure 1.5 WIOC sample concentrations from worldwide samples. The location of samples 
indicated as star. Figure from Uglietti et al., 2016. 
The relative higher concentrations of DOC compared to WIOC of around a factor of 5, 
i.e. 10 to 100 ppbC [Legrand et al., 2013; May et al., 2013], could allow dating of ice with too 
low WIOC concentration and may reach the achievable analytical (dating) uncertainty. The 
basic assumption of applying the DOC fraction for 14C dating is similar to the WIOC dating 
approach [Jenk et al., 2009; Sigl et al., 2009], with DOC originating from the biosphere before 
anthropogenic fossil fuel contribution. The first attempt of DO14C dating of ice cores was 
conducted by B. May, at the University of Heidelberg, who built a system for both DOC and 
WIOC fraction radiocarbon microanalysis [May, 2009]. However, in that work only super 
modern F14C values were obtained, suggesting possible in-situ 14C production. Since also the 
first 14C dating results using the WIOC were rather questionable in May (2009) and in such 
cases conflicting with previous and proven findings from the pioneering studies in this field. 
The question how the in-situ produced 14CO and 14CO2 should interfere with organic species in 
the ice is still not resolved, unless there is carbon exchange between different reservoirs. This 
encourages the re-evaluation the possibility of DOC 14C dating. 
14C analysis additionally could be used as tracer for the fossil fuel burning contribution 
to carbonaceous aerosol. Fossil carbon (like coal, natural gas, and petroleum) do not contain 
any 14C and on the contrary biogenic carbon has a modern atmospheric 14C content. Based on 




2012]. There is only one record presenting long-term trends of WIOC and EC concentrations 
along with their corresponding fractions of modern carbon (F14C, find definition in the Method 
section) which exists to date [Jenk et al., 2006].  This record indicated that fossil fuel 
significantly contributes to EC and OC since the 1850s. This core was only analyzed back to 
1950 due to technical limitations at that time. 14C-based source apportionment was applied to 
DOC in the Col du Dôme ice core, suggesting that 85% of the DOC increase from 1920 to1990 
is related to non-fossil origin [May et al., 2013]. Nevertheless, a complete ice core concentration 
record of the different bulk carbonaceous particle fractions WIOC, WSOC, and EC, along with 
their fossil and non-fossil contributions covering the preindustrial time to the present would be 
a fundamental help to constrain source contributions, emission estimates, and the effect of 
atmospheric aerosols on global and/or regional climate 
 
 
 1.5 Objectives 
 
There are two main objectives for this thesis are: To obtain the first complete ice core record of 
all carbonaceous aerosol fractions (EC, WIOC and WSOC) including the historical fossil and 
non-fossil contributions over the pre-industrial to industrial transition period. These 
carbonaceous aerosol records could help narrow down the uncertainty of aerosol radiative 
forcing in climate models. Secondary, to re-evaluate the feasibility of using 14C analysis on 
DOC fraction for ice core dating.   To reach these goals: 
1. Optimize the DOC extraction method for the PSI DOC extraction setup which was 
built by Schindler [ J Schindler, 2017]. 
2.  Applying the DOC extraction technique for 14C analysis to multiple bottom ice 
samples that are independently dated by WIO14C dating from different alpine 
glaciers to investigate the possibility of applying the 14C analysis on DOC fraction 
for dating purpose.  
3. Complete the atmospheric carbonaceous aerosol (EC, WIOC, and WSOC) records 
including the fossil and non-fossil sources over the pre-industrial to industrial 
transition period from Fiescherhorn ice cores. The WIOC/EC records have been 




method for firn samples could allow extending the WIOC/EC records up to 2000s 
[Cao et al., 2013]. In addition, it combined with the new DOC extraction method to 
estimate WSOC record.       
4. To obtain the natural organic carbon background variation before the industrial 
revolution  
5. To quantify the impact of the anthropogenic emissions on organic aerosol by 
comparing these ice core carbonaceous records with atmospheric loading estimates 
based on emission databases. 
All these goals are based on the technique to extract DOC from large ice cores sample for 14C 
analysis. Therefore, this thesis composed of two main parts, optimizing the DOC extraction 
setup and applying it to ice core samples. The thesis is structured as follows: 
Chapter 2 gives an overview on the methodology we used in this study, the instrument 
and the analytical setup applied to ice core samples.  
Chapter 3 is the optimization of the DOC extraction setup for 14C analysis in ice cores. 
The focus is on the method development of radiocarbon analysis for low carbon content ice 
core samples. We try to minimize the contamination, the blank and to establish a reliable 
method to reconstruct the DOC concentration and 14C measurement.   
Chapter 4 is dedicated to the application of an optimized DOC extraction setup for ice 
core dating. The study of mid-latitude and tropical mountain glaciers is limited by the lack of 
dating techniques due to complex bedrock geometry and strong annual layer thinning. Water-
insoluble organic carbon (WIOC) in glacier ice has been used for radiocarbon dating for years. 
However, in some cases this method is restricted by the low WIOC concentration. The majority 
of organic carbon is preserved in water soluble form. To investigate the suitability of DOC for 
ice core dating, we applied both the DOC extraction setup and the WIOC filtration setup to four 
glaciers in different location.  
As a case study of ice core dating based on both WIOC and DOC analysis is shown in 
Chapter 5. A 208 m core was drilled in 2013 from Mt. Hunter, Alaska. The upper 190m was 
well dated by Annual Layer Counting and horizons. But in the deeper part, the seasonal signal 




core, 14C analysis of organic carbon is applied to the bottom 20m.  We established the depth 
age scale for the Mt. Hunter core by the combination of ALC, 14C dating and the 2p flow model.   
Chapter 6 descripts the complete high-resolution carbonaceous aerosol records with 
corresponding 14C values from the Fiescherhorn ice core, a 340-year concentration record of 
WSOC, EC and WIOC from the pre-industrial to the industrial transition period. Each 
component is separated into fossil and non-fossil contributions based on the 14C analysis. 
Combined with the inorganic aerosol concentration records from the Fiescherhorn ice core to 
reconstruct the variability of aerosol over the last 340 years and evaluating the impact to aerosol 
due to anthropogenic activities.  
Finally, conclusion and outlook are provided in Chapter 7. 
An accurate estimation of climate forcing from carbonaceous aerosols requires good 
knowledge of historical, fraction resolved emissions. Systematically established historical 
records of carbonaceous particles for long-term abundance and fossil/non-fossil contributions 
would be helpful to understand the impact of atmospheric aerosols on global and/or regional 
climate, which is a prerequisite for a reasonable implementation of air pollution and climate 
mitigation measures. An accurate age is also crucial for the interpretation of these ice core 
records. 14C analysis of organic carbon preserved in ice provides an important tool for dating 
the ice cores. This thesis is dedicated to investigating the potential of 14C analysis of 
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2.1 Separation of the particulate organic and elemental carbon fraction 
 
For ice core samples the particulate organic carbon (POC) is considered to represent the water 
insoluble organic carbon (WIOC) fraction, since the water soluble fraction (WSOC) will 
dissolve into water as dissolved organic carbon (DOC) during melting. Sample preparation and 
decontamination followed the protocol in [Uglietti et al., 2016]. All sample cutting was carried 
out in a cold room (−20ºC). To decontaminate the sample, surface layer (~3mm) of ice was cut 
away in the cold room.  Sections were combined, aiming for an overall ice mass of 200-700 g 
to yield enough carbon for radiocarbon analysis, and stored in 1 L pre-cleaned PETG containers 
(Semadeni, Switzerland). Samples were further decontaminated by removing the outer layer 
through rinsing with ultra-pure water in a laminar flow box, melted at room temperature and 
acidified with 20 ml 1M HCl. Melted ice samples were sonicated for 5 min, before vacuum 
filtration using pre-heated quartz fiber filters (Pallflex Tissuquartz™, 2500QAO-UP, ~11 mm 
diameter, pre-heated for 5h at 800°C). Particles on the filters were subsequently acidified with 
~50 μL of 0.2 M HCl for 1 h to remove carbonates.  After rising with 5ml ultra-pure water to 
remove HCl, filters were again placed for ~1 h in a class 100 laminar flow-box until completely 
dry. The filters were packed in aluminium foil and kept frozen until anaysis.  
WIOC and EC were separated with a recently developed thermal-optical method 
(Swiss_4S), quantified with a non-dispersive infrared (NDIR) detector using a commercial 
OC/EC analyzer (Sunset Laboratory Inc., USA) and evolving CO2 was individually trapped 
cryogenically and finally sealed in glass ampoules for 14C analysis [Zhang et al., 2012; Cao et 
al., 2013].  The Sunset Laboratory Carbon Aerosol Analyzer applies a proven thermal-optical 
method to analyze organic and elemental carbon aerosols collected on quartz filters and has 
been used to analyze a wide variety of aerosol samples to determine the aerosol composition 
and sources. The particles are thermally desorbed from the filter medium under an inert helium 
atmosphere followed by an oxidizing atmosphere, using carefully controlled heating ramps. 




completed remove remaining OC then heat up to 760 oC for EC (Figure 2.1). The filter 
transmittance is monitored by a 660 nm laser shown as the red line in Figure 2.1. This is used 
for correcting the loss or formation EC by charring during the thermal heating. The resulting 
CO2 gas is quantified by the NDIR cell. In contrast to the previously used purely thermal 
method [Szidat et al., 2004; Jenk et al., 2007], losses or artificial formation (charring) of EC 
during the thermal treatment was evaluated by monitoring the optical transmittance of the filter 
samples. This Swiss_4S protocol allowed to significantly suppress charring, which on average 
accounted for less than 10% EC only [Zhang et al., 2012]. 
 
Figure 2.1 Thermal and optical program of water extracted aerosol samples using the Swiss_4S 
protocol. Laser signal and temperature are indicated as red and green lines, respectively. The 
blue areas are the NDIR detected CO2 peaks. Figure from Zhang et al., 2012.  
 
2.2 DOC extraction for 14C analysis 
 
The analysis of the WSOC aerosol related DOC fraction has been more challenging due to 
higher potential of contamination by gases ubiquitously present in lab air such as formic and 
acetic acid. Further, DOC extraction efficiency is generally low from 64 to 96% and time 
consuming with oxidation time up to 2hours [May et al., 2013; Steier et al., 2013] or not suitable 
for ice core 14C analysis with low carbon content [Preunkert et al., 2010; Lang et al., 2016]. A 
new setup, as show in the Figure 2.2, was designed and built in our laboratory for DOC 
oxidation under inert gas conditions. DOC is photochemically oxidized to CO2 gas by 




collected in a glass ampoule for 14C analysis. Details about the development and improvements 
are presented in chapter 3. Sample preparation followed the instructions in Fang et al., 2019. 
The outer layer (~3mm) of the ice samples was removed in the cold room at -20°C, similar to 
the samples for WIOC/EC analysis. After transfer to the laboratory, samples were further 
decontaminated by rinsing with ultrapure water under helium atmosphere in the melting vessel 
of the extraction setup, where they were also melted under helium flow. There is an extra 
decontamination step to remove the potential system contamination before filtrating the sample 
into the reactor. 50 mL ultra-pure water injected into the reactor and acidified with 1mL of 85% 
H3PO4.  To enhance the oxidation efficiency, 2 mL of 100 ppm FeSO4  and 1mL of 50 mM 
H2O2 (Fenton’s reagent) are also injected into the base water based on the study from Hsueh et 
al., 2005 and Kušić et al., 2006. UV irradiation for ~20-30mins is used to prepare a clean system 
and base water. After the ice had melted, the meltwater was filtrated using a pre-baked (heated 
at 800 oC for 5 hours) quartz fibre filter. Filtration was also performed under helium gas flow, 
always preserving a little overpressure to prevent ambient air from leaking into the setup. The 
sample volume was determined by measuring the reactor fill level. The filtrate was acidified by 
mixing with the base water. After the degassing of inorganic carbon (IC), 1 mL of 50 mM H2O2 
was injected into reactor right before the irradiation started. During UV oxidation, water vapor 
was removed by cryogenic trapping at – 60 °C and produced CO2 was trapped in liquid nitrogen. 
The sample CO2 was further cleaned from residual water vapor and quantified manometrically. 
In the end, CO2 was sealed into a glass vial for 14C analyses. The setup can process ice samples 
of up to 350 g mass and offers ultra-clean working conditions for all extraction steps. For an 
irradiation time of 30 minutes with catalyzation by addition of Fenton’s reagent, an average 
efficiency of 96 ± 6% was achieved. Inert gas working conditions and stringent 
decontamination procedures resulted in a low overall blank of 1.9 ± 1.6 μg C with an F14C value 
of 0.68 ± 0.13. This makes it possible to analysis the DOC in ice samples with a carbon content 
of as low as 25 µg kg-1 ice. The comparison with other devices for 14C analyses of DOC shows 
the setup performs excellent in terms of low carbon background with the advantage of higher 
carbon yields while keeping analysis time low. This was achieved thanks to sample treatment 
under inert gas conditions, a thorough decontamination procedure of the system prior to sample 





DOC concentrations were calculated from measured CO2 pressure and sample volume. 
However, the DOC present in ice samples is not just formed by the WSOC fraction in the 
aerosol, but also includes organic gases scavenged from the atmosphere. Legrand et al., 2007 
proposed using DOC, after subtracting monoacids and formaldehyde, as proxy of WSOC 
preserved in ice cores. For the reconstruction of historical carbonaceous aerosol concentrations, 
in this work the WSOC fraction was estimated by subtracting the concentrations of the most 
abundant monoacids, formic acid and acetic acid from the DOC concentration. Concentrations 
of formic acid and acetic acid were analyzed with ion chromatography. For other organic gases 
(like formaldehyde) no correction was applied, but their overall effect is estimated to be small, 
i.e. in the range of a few ppbC, due to their low concentrations in ice (< 5% of DOC in 1990s) 
[Legrand et al., 2013]. 
 
Figure 2.2 Scheme of the DOC extraction setup. Green text labels individual components. 
UPW (ultra-pure water), LN (liquid nitrogen), NDIR (CO2 detector), LN (liquid nitrogen, 
vacuum manifold), VAC (pump manifold), CLE (cleaning tube), MAN (manometry cell), SAM 
(sampling tube). The detail see in Chapter 3. Figure from Fang et al., 2019. 
 





2.3.1 General concept 
 
Although there are 15 carbon isotopes, only three (12C, 13C and 14C) are widely distributed in 
nature [Lide, 2007]. 12C and 13C are stable carbon isotopes, and 14C is radioactive. 14C is 
naturally produced by the spallation reaction of nitrogen with a neutron originating from cosmic 
rays mainly in the lower stratosphere through the following reaction [Libby 1946]: 
𝐍𝐍𝟕𝟕𝟏𝟏𝟏𝟏 + 𝐧𝐧 → 𝐂𝐂𝟔𝟔𝟏𝟏𝟏𝟏 + 𝐩𝐩 
Where n is a neutron and p is a proton. The cosmic ray neutrtons flux depends on the solar 
activity, solar magnetic field and Earth’s magnetic field resulting in a natural temporal and 
spatial variation of the atmospheric 14C concentration [Usoskin, 2017].  Produced 14C is rapidly 
oxidized to 14CO and 14CO2. The latter takes part in the global carbon cycle, which is the 
exchange between atmospheric, oceanic, terrestrial and biosphere carbon reservoirs. When a 
living plant, animal or phytoplankton dies, it no longer exchanges with CO2. This starts the 
radioactive decay “clock.” 14C decays by emitting an electron, which transforms a neutron into 
a proton, converting 14C back to its original stable 14N form.14C is unstable and undergoes beta 
decay [Calvin et al., 1949] with a half-life of 5730 years [Godwin, 1962]: 
𝐂𝐂𝟔𝟔𝟏𝟏𝟏𝟏 → 𝐍𝐍𝟕𝟕𝟏𝟏𝟏𝟏 + 𝐞𝐞 + 𝝂𝝂𝒆𝒆 
Where e is an electron and 𝜈𝜈𝑒𝑒 is an electron anti-neutrino. One neutron from 14C decays to a 
proton and releases an electron and an anti-neutrino.  
 
2.3.2 14C measurement  
 
The initial 14C measurements were based on counting of beta decays [Libby et al., 1952]. This 
is time consuming and large sample masses are required due to the low decay rate of 14C. 
Accelerator mass spectrometry (AMS) allows directly detecting 14C based on the atom mass 
instead of beta decay [Bennett et al., 1977; Nelson et al., 1977; Muller et al., 1978], thereby 
reducing the required sample sizes by a factor of about one thousand. A tabletop AMS system 
only aimed at 14C analysis with dimensions of only 2.5 × 3 m2 was designed, built and tested at 




CArbon DAting System (MICADAS) is based on a vacuum insulated acceleration unit that uses 
a commercially available 200 kV power supply to generate acceleration fields in a tandem 
configuration. The scheme of MICADAS is shown in the Figure 2.3 [Synal et al., 2007]. 
Although this systems application is limited to 14C, the reduced the instrument size and 
avoidance of high voltage platforms fosters the operation at common laboratory environments. 
14C measurements in this thesis were carried out at the Laboratory for the Analysis of 
Radiocarbon at the Bern University (LARA) using a MICADAS equipped with a gas ion source 
(GIS) interface [Wacker et al., 2013; Szidat et al., 2014]. GIS is the interface for preparing and 
injection of the CO2 gas sample to the Cs ion source of MICADAS. In LARA, the GIS can 
operate between different sample prepare systems, like Sunset OC/EC analyzer, Cracker and 
Elemental analyzer. The obtained filter samples from filtration are combusted with Sunset 
OC/EC analyzer that is directly connect to MICADAS though GIS. On the other hand, the glass 
vial sealed CO2 gas produced from DOC is injected into MICADAS by the cracker system.  
This system is designed to break the glass vials mechanically under vacuum and deliver CO2 
gas to the Cs ion source with helium flow. 
With the MICADAS, the 14R (14C/12C) and 13R (13C/12C) ratios are measured instead of 
radioactivity. Stable carbon isotope measurements are commonly reported compared to the 




− 𝟏𝟏� × 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 
Where 13Rsample and 13Rstandard are the 13C/12C ratios of sample and standard, respectively. All 
the 14C measurements have to be corrected with the 13C values for fractionation effects in the 
AMS [ Stuiver and Polach, 1977]: 




 Where 14RSN is the sample normalized to δ13C=−25‰ and the 14R is the measurement ratio. 
All 14C results are expressed as F14C which is originally defined as the fraction of the 
normalized specific activity of sample ASN to normalized radiocarbon standard AON in the year 








However, for the measurements from MICADAS are the isotope ratios. F14C values are 
calculated following the equation proposed in Reimer et al., 2004.  All the F14C values of filter 
samples were corrected for constant contamination (0.91±0.18 µg with F14C of 0.72±0.11) and 
cross contamination (0.2 % from the previous sample)  for the Sunset-GIS-MICADS system. 
F14C values of DOC samples were corrected for constant (0.06±0.18 µg with F14C of 0.50 ±0.11) 
and cross contamination (0.2 % from the previous sample) from MICADAS and the cracker 
system.  In addition to the instrument related corrections, F14C of WIOC was corrected for the 
filtration procedural blanks with a carbon mass of 1.26 ± 0.59 µg and an F14C value of 0.69 ± 
0.15 (average of 76 values over last 16 years). The blank contribution for F14C of EC is small 
because the carbon mass of the EC blank (0.42 ± 0.36 μg) with an estimated F14C value of ~0.30 
± 0.30  is around 10 times lower than the 14C-AMS limit of detection (~3-5 μg, Ruff et al., 
2010). For the DOC extraction setup, 1.9 ± 1.6 μg with F14C of 0.68 ± 0.13 is used for total 
blank correction (average of 26 values and 2 years).  All these uncertainties were propagated 
throughout whole data processing until final 14C calibration. 
 
 





2.3.3 14C applications  
 
2.3.3.1 Dating  
 
14C has been used widely as timer in archeology, geology, geochemistry and other scientific 
studies because of the well-determined half-life.  The carbon clock starts when the material is 
isolated from the environment and there is no carbon exchange anymore. From then on 14C 
slowly decays.  By determining how many 14C isotopes are left, the time when this material 
became isolated from environment can be estimated by the radioactive decay law: 
A(t) = Ao e-λt 
A(t) is the activity at the time t and Ao is the initial activity in the sample. λ is the decay constant 
and t  gives the age. The conventional 14C age also defined as:  
 𝒔𝒔 = −𝟖𝟖𝟏𝟏𝟏𝟏𝟏𝟏 𝒔𝒔𝒔𝒔 (𝐀𝐀𝑺𝑺𝑺𝑺
𝑨𝑨𝑶𝑶𝑺𝑺
) 
ASN/AON = F14C. There the t is given as the year before present (BP), which refers to the year 
1950AD. The 8033 is the mean radiocarbon lifetime. However, atmospheric 14C is not constant 
due to changes in cosmic ray flux caused by changes in solar activity and the Earth’s magnetic 
field. In addition to that, anthropogenic activities (like nuclear bomb tests, fossil fuel burning) 
have bee disturbed the atmospheric 14C background significantly. Fossil fuel burning releases 
14C depleted CO2 gas into the atmosphere [Suess, 1955]. In the period 1950-1965, the nuclear 
bomb tests raised atmospheric 14C concentrations almost twice. To correct for all these 
variations, calibration curves are established based on well-dated archives, like tree rings, 
speleothems, and marine corals [Reimer et al., 2013]. Appling the calibration curves, the 14C 














Figure 2.4 Example for the OxCal v4.3.2 calibration output. The blue thick curve is the 
IntCal13 Northern Hemisphere atmospheric 14C calibration curve. The red area is the 14C age 
distribution and the grey area is the calibrated 14C age distribution with Intcal13. The bars below 
give the 1σ and 2σ intervals.  
2.3.3.2 Source appointment  
 
Radiocarbon is also a unique biogeochemical tracer to investigate the sources and sinks of 
organic matter. Based on the mass balance of 14C, the fossil fuel contribution to an organic 
reservoir can be estimated from the 14C concentration after correction for the radioactive decay.  
Note that since 1955, the F14C value of contemporary carbon from biogenic sources and 
biomass burning (i.e., F14Cbio and F14Cbb, respectively) is larger than F14C = 1, the theoretical 
modern level of contemporary carbon, due to the input from nuclear-bomb testings in the 1950s 
and 1960s [Szidat et al., 2006; Levin et al., 2010]. For source apportionment, the obtained F14C 








fNF(ref) is the reference value representing F14C of non-fossil sources at the time when the 
particles were deposited on the glacier (i.e. age of surrounding ice layer as defined by the dating 
of the core). It includes biogenic (bio) and biomass-burning (bb) sources and assumes 
contributions from other non-fossil sources (e.g. cooking emissions) to be negligible. 
Accordingly, fNF(ref) is obtained by:  
𝒇𝒇𝐍𝐍𝐍𝐍(𝐫𝐫𝐞𝐞𝐫𝐫) = 𝒔𝒔𝐛𝐛𝐛𝐛𝐛𝐛 × F𝟏𝟏𝟏𝟏C𝐛𝐛𝐛𝐛𝐛𝐛(𝐫𝐫𝐞𝐞𝐫𝐫) + (𝟏𝟏 − 𝒔𝒔𝐛𝐛𝐛𝐛𝐛𝐛) × F𝟏𝟏𝟏𝟏C 𝐛𝐛𝐛𝐛(𝐫𝐫𝐞𝐞𝐫𝐫)    
where pbio refers to the fraction of the biogenic sources to the total non-fossil sources. The value 
of F14Cbb was estimated by a tree-growth model [Mohn et al., 2008]. Based on mass balance, 
fossil and non-fossil source contribution to each carbonaceous species WSOC, WIOC and EC 
can be determined, respectively.  For example:   
[WIOCnf] = [WIOC] × fNF(WIOC) 
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Alpine glaciers are valuable archives for the reconstruction of human impact to the environment. 
Besides dating purposes, measurement of radiocarbon content provides a powerful tool for 
long-term source apportionment studies on the carbonaceous aerosols incorporated in ice cores. 
In this work, we present an extraction system for radiocarbon analyses of dissolved organic 
carbon (DOC) in ice cores. The setup can process ice samples of up to 350 g mass and offers 
ultra-clean working conditions for all extraction steps. A photo-oxidation method is applied by 
means of external UV irradiation of the sample. For an irradiation time of 30 minutes with 
catalyzation by addition of Fe2+ and H2O2, we achieve an efficiency of 96±6% on average. Inert 
gas working conditions and stringent decontamination procedures enable a low overall blank 
of 1.9 ± 1.6 μg C with a F14C value of 0.68 ± 0.13. This makes it possible to analysis the DOC 
in ice samples with a carbon content of as low as 25 µg C kg-1 ice. For a first validation, the 
new method was applied to ice core samples from Swiss Alps. The average DOC concentration 
and F14C values for the Fiescherhorn ice core samples show good agreement with previously 
reported data for the investigated period of 1925-1936AD.  






For meaningful interpretation of the recorded signals in ice cores from glacier archives, accurate 
dating is essential. Radiocarbon (14C) is a powerful tool for dating widely applied in different 
fields [Libby, 1954; Stuiver and Suess, 1966; Reimer et al., 2013]. For ice cores from high-
alpine glaciers 14C-dating is particularly valuable for the ice in the bottom part, where strong 
thinning of annual layers prevents the use of annual layer counting or the assignment of 
reference horizons for dating [Thompson et al., 1998; Schwikowski et al., 1999]. The 14C half-
life of 5730 years allows covering the typical age range of alpine ice cores. Radiocarbon dating 
of water insoluble organic carbon (WIOC) from glacier ice has been well established. Samples 
of 10 μg WIOC can now be dated with reasonable uncertainty, requiring less than 1 kg of ice 
from typical mid-latitude and low-latitude glaciers [Jenk et al., 2007; Jenk et al., 2009; Sigl et 
al., 2009; Uglietti et al., 2016]. However, the low WIOC concentration in glaciers remote from 
sources, e.g. glaciers in the Polar Regions, puts a limit to this application. Because the 
concentrations of dissolved organic carbon (DOC) are around a factor 5 higher [10 to 100 ppbC, 
Legrand et al., 2013; Legrand et al., 2013], using this fraction promises to allow an extension 
of this approach to new sites and generally reducing  the achievable analytical (dating) 
uncertainty.  
In addition to dating, 14C has proved to be a powerful tool for source apportionment 
studies, i.e. to distinguish biogenic and fossil source contributions [Szidat et al., 2006; Zhang 
et al., 2012]. Alpine ice cores allow access to continuous records of atmospheric pollution back 
to the pre-industrial era in the regions where the majority of humans live [Schwikowski et al., 
1999; Eichler et al., 2012; Eichler et al., 2015]. A first long-term trend in concentrations 
separated into the contribution from fossil fuel and biogenic sources of atmospheric organic 
carbonaceous particles was reconstructed from an ice core at the Fiescherhorn glacier [Swiss 
Alps; Jenk et al., 2006; Cao et al. 2018 submitted]. Different to WIOC, which mainly consists 
of primary organic aerosol from direct emissions, water soluble organic carbon (WSOC) 
originates to a large part from secondary organic aerosols (SOAs) formed in the atmosphere 
from volatile organic precursor compounds [Gelencsér et al., 2007]. WSOC is a major fraction 
of organic aerosols in the atmosphere; however, its sources are not well constrained [Pio et al., 
2007]. WSOC in snow and ice is only one part of the DOC which is analysed and additionally 




with its 14C content in samples from ice cores will allow additional insight into historical natural 
and anthropogenic contributions to the organic carbon content of atmospheric aerosols. 
Only very few long-term records of DOC concentrations, and even fewer in combination 
with the 14C content exist to date. To our knowledge all of these records were derived from ice 
cores [Preunkert et al., 2010; Legrand et al., 2013; May et al., 2013]. For studies of DOC in ice 
cores, one of the major limitations is the rather large demand of sample amount along with 
relatively low extraction efficiency and the threat of sample contamination [Preunkert et al., 
2010; Legrand et al., 2013; May et al., 2013]. With the current state of the art of 14C analysis 
with accelerator mass spectrometry (AMS) that allows the direct measurement of gaseous CO2 
samples, carbon sample masses of as low as 3 µg are sufficient [Ruff et al., 2007]. Still, this 
translates to typical ice sample masses of several hundred grams for DO14C analyses. However, 
preceding AMS analysis, DOC has to be oxidized to CO2. In contrast to high-temperature 
combustion or wet-chemical oxidation techniques, the use of Ultra-violet (UV) photochemical 
oxidation has the advantage of being suitable for large volumes of sample with low carbon 
content [Beaupré et al., 2007]. It was applied by Singer et al. (2012) to determine the DO14C 
content of ice samples from different glaciers in the European Alps. However, their method has 
a limited carbon yield of 50 % [Steier et al., 2013]. May (2009) and May et al. (2013) developed 
a setup for 14C microanalysis of glacier ice and applied it to several ice core samples, but 
unexpected super-modern 14C values led to inconclusive results. It should be noted that a 
straightforward analysis of DOC is challenging due to its vulnerability to contamination 
[Legrand et al., 2013]. Ice cores can potentially be contaminated during drilling, storage, and 
sample processing. Besides, DOC consists to a large part of mono- and di-carboxylic acids that 
are ubiquitous in ambient and laboratory air [Legrand et al., 2013]. Therefore, it is vital to 
ensure ultra-clean sample preparation and extraction with a low and stable process blank for 
reliable 14C analysis of DOC. Here, we present such an approach with a new extraction setup 
for DOC concentration and 14C analysis in low-concentration ice core samples. Our extraction 
system is designed for samples with volumes of up to ~350 mL and concentrations as little as 







3.2.1 Extraction Setup 
 
Figure 3.1 shows an overview scheme of the complete DOC extraction setup [Schindler, 2017].  
This setup allows handling of the entire sample treatment under inert gas conditions (≥99.999 % 
helium gas, further purified by a home-made getter oven) in order to extract carbon masses of 
as little as a few micrograms, while aiming to avoid potential contamination during analysis. 
The getter oven consists of an insulated, resistively heated Inconel (a high temperature resistant 
nickel-chromium-based super-alloy) tube filled with 15 g tantalum wire. Helium is used as 
carrier gas in the entire setup. Furthermore, all parts in contact with the sample when in its 
liquid form were fabricated modularly from either glass or quartz glass to allow thorough 
cleaning and reduction of memory effects compared to stainless steel. To minimise outgassing 
or out-washing of organic carbon into the sample, no lubricants are used. The major system 
components, highlighted in green text in Figure 3.1, are described in detail in the following: 
The glass melting vessel (custom made by GlasKeller AG, Switzerland) with an inner 
diameter with an inner diameter of 100 mm has a volume of around 1.3 L (Figure 3.2a). A 
support holds the vessel and fixes the stainless steel cover plate to the vessel by spring tension. 
The flange connection is sealed by a PFA coated O-ring. As illustrated in the sketch, the cover 
plate gives access to four thread connectors (1/4 inch): i) the helium supply, ii) a metering valve 
(SS-BNTS6MM, Swagelok, USA) with a bubble counter (GlasKeller AG, Switzerland) that 
acts as a vent with water ballast (vent 1), iii) a manometer for pressure monitoring (PBMN-
25B11AA14402201000, Baumer Electric AG, Switzerland) and iv) the ultra-pure water (UPW) 
supply. The UPW dispenser system consists of a glass bottle filled with UPW (Sartorius, 18.2 
MΩ×cm) and connected by PFA tubes to both the helium supply and the cover plate. Applying 
pressure via the helium supply allows pushing the desired amount of UPW to the melting vessel.  
The filtration unit is shaped as an adapter piece from glass spherical joint (SJ) 41/25 to 
SJ 19/7 (Figure 3.2a). In the center, a 8 mm diameter frit (160-250 µm) acts as support for a 
pre-cleaned quartz fiber filter that was baked at 800°C for 2 h (20 mm diameter, PALLFLEX 
Tissuquartz, 2500QAO-UP) and fixed onto the frit by a metal spring. The filter used for the 
separation of POC from the liquid sample is similar to the procedure for WIO14C analysis 
described in Jenk et al. (2006). However, in contrast to the commonly used lab filtration unit 




Table 3.1 Performances of different DOC extraction setups for ice or non-saline water samples. 




This study UV(H2O2, 
Fe2+) 
Ice / 350 mL yes 0.67 ± 0.26 µg C 1.9 ± 1.6 µg C 96±6 30 
Federer et al., 2008 CFA1-UV Ice / ~1 mL/min no -- 50 ppbC 86-139* 2 
May et al., 2013 UV Ice / 300 mL yes 1.9 ± 0.2 µg C 6 ± 3 µg C 81-96 40 
Preunkert et al., 2010 UV Ice / 4mL no -- 25±1.5 ppbC 85-125* 10 
Steier et al., 2013 UV Water / 1 mL yes -- 1.1±0.7 µg C 64±17 120 
Lang et al., 2016 WCO2 Non-saline water / 7 mL yes -- 0.68-1.05 µg C 87-128 60 





Figure 3.1 Schematic of the complete DOC extraction setup. Green text labels individual components. UPW (ultra-pure water), LN 





sample contamination from take-up and mixing of ambient air with the liquid sample during 
the filtration step. 
The photo-reactor is a cylindrical quartz glass vessel (Qsil GmbH, Germany) (Figure 
3.2b), and allows introduction of the filtered solution via a glass connector (Z connector). In 
the center of the reactor head, the cooling finger is inserted via a glass SJ 41/25 connection and 
reaches close to the base of the photo-reactor. The cooling finger has several functions and is 
constructed from three concentric glass tubes. The inner tube is connected to the helium supply. 
The outer two tubes serve for cooling water circulation in the cooling finger and in combination 
with external cooling of the photo-reactor by air ventilation is essential to control the sample 
temperature during photo-oxidation. For sample mixing, the promotion of homogeneous 
oxidation and efficient degassing, a magnetic stirrer is used. The magnetic stir bar is 
encapsulated in glass to avoid contamination (Beaupré et al., 2007). Two UV lamps (MH-
Module 250W Hg XL, Heraeus, Germany) are installed opposite of each other and enclose the 
reactor in a distance of 3 cm to the reactor walls. A box surrounds the UV lamps and reactor to 
prevent user-exposure to UV irradiation and ozone. This protection box further enhances the 
photon-yield because of its reflective aluminum construction. The emptying system consists of 
a long stainless steel needle, a glass bottle, and a membrane pump. For sample removal the 
stainless steel needle is introduced through a septum to the reactor and the sample is pumped 
out with a membrane pump.  
 
Figure 3.2 View of a) melting vessel, filtration valve and filtration unit, b) the photo-reactor, 
reactor head and cooling finger. Italic text refers to the labeling introduced in Figure 3.1, bold 




Despite cooling with the cool finger, the liquid sample heats up to around 50 °C during 
UV irradiation, resulting in an enhanced content of water vapor. For water removal, two 
cryogenic water traps are therefore added in front of the CO2 trap that is cooled with liquid 
nitrogen (LN). Water trap 1 (Figure 3.1) is a U-shaped glass tube (20 cm length, 10 mm inner 
diameter) filled with glass capillaries and water trap 2 is made from stainless steel tube  bent to 
a coil (2 m length, ¼ inch outer diameter (OD), Swagelok). A PID temperature controller 
(Eurotherm Produkte AG, Switzerland) is used to stabilize both water traps at ˗60 °C by a 
controlled nitrogen gas transfer from a LN reservoir into the Dewar around the water traps, 
similar in principle to the system described in Jenk et al. (2016). 
All components of the vacuum line (indicated as blue dashed box in Figure 3.1) are made 
from stainless steel tubes (¼ inch OD) and stainless steel fittings (Swagelok) allowing operation 
at high vacuum of about 10-7 mbar. A turbo-molecular pump (HiCube 80 Eco, Pfeiffer Vacuum 
AG, Germany) is connected to the vacuum line through a dosing valve (SS-6BMRG-MM-SC11, 
Swagelok). The vacuum line for CO2 sample purification and collection is similar to the one 
described in Szidat et al. (2004) and consists of a cleaning tube for CO2 purification (‘CLE’, 
glass tube, 200 mm length, 8 mm OD) with a removable ethanol-dry ice cooling bath (−72 °C), 
the manometry cell (‘MAN’, glass tube, 150 mm length, 6 mm OD) with a removable LN bath 
(−196 °C) and connected to a pressure gauge for CO2 quantification (Baumer Electric AG), and 
the sampling tube for CO2 transfer and sample flame sealing (‘SAM’, glass tube, 150 mm 
length, 4 mm OD) connected to the vacuum line by a steel-glass adapter (homemade) to allow 
easy removal and replacement.  
 
3.2.2 Sample Preparation and Decontamination 
 
Prior to the extraction of DOC from ice samples and subsequent 14C analyses, several steps are 
required. First, ice samples are cut and decontaminated by removing 5 mm from the surface 
using a band saw in a cold lab (-20°C). Ice samples are then transferred in pre-cleaned PETG 
containers (1000 mL, Semadeni, Switzerland; soaked three times overnight in UPW) from the 
cold room to the analytical laboratory. After tempering in the laboratory, ice blocks are inserted 
into the melting vessel, which is closed and then flushed with helium during rinsing of the ice 
block with UPW to remove approximately 20% of the ice volume, with the rinsing water then 




Before introducing a sample, the DOC extraction set-up is decontaminated by running a 
procedure to remove potential sources of carbon contamination: After flushing the vacuum line 
with helium and zeroing the nondispersive infrared CO2 detector (NDIR, LI-820A, LI-COR, 
USA, modified to allow in-line operation by improved connection seals), the glass setup is 
pressurized with helium slightly above atmospheric pressure (1.04 bar) to create the inert gas 
atmosphere. In the next step, the melting vessel is filled with about 50 mL UPW, which is 
subsequently drained to the photo-reactor to remove potential contamination from the melting 
vessel, quartz fiber filter, and reactor glass surfaces. 1 mL of 85% H3PO4 (Merck KGaA) is 
then added via a septum into the reactor using a glass syringe to acidify the water (pH ~1) while 
it is continuously purged with helium to remove dissolved CO2 and the CO2 evolving from the 
solvation of inorganic carbon (IC). To enhance the oxidation efficiency, 2 mL of 100 ppm 
FeSO4 (ACS reagent, ≥99.0%, Sigma-Aldrich) and 1 mL of 50 mM H2O2 (≥30%, Sigma-
Aldrich) are additionally injected into the reactor (Hsueh et al., 2005; Kušić et al., 2006). With 
the reactor also being irradiated with UV light, this cleaning process is monitored by continuous 
measurement of the emerging CO2 being flushed through the NDIR CO2 detector by the helium 
carrier (flow rate 100 mL/min). Once the CO2 signal drops asymptotically below a set threshold, 
indicating that cleaning is finished, the UV lamps are turned off. In Figure 3.3, a typical CO2 
detector scan is shown.  
3.2.3 DOC extraction 
 
After the ice has been rinsed, it is melted, thereby slightly enhancing the melt rate by heating 
with an infrared lamp and a hot air gun. The liquid sample is then transferred from the melting 
vessel to the photo-reactor passing a quartz fibre filter, both pre-cleaned as described earlier. 
To keep the filter in place, it is fixed with the help of a stainless steel spring, the only metal part 
in contact with the liquid sample. Filtration is performed at inert gas conditions, always 
preserving a little overpressure to prevent ambient air from leaking into the setup. After transfer, 
the sample volume is determined by measuring the reactor fill level. By mixing with the 
previously cleaned solution, the filtrate gets acidified. After the degassing of CO2 from IC, 
again 1 mL of 50 mM H2O2 is injected into the reactor right before the UV irradiation is started. 
During UV oxidation, CO2 is continuously degassed by the helium carrier gas stream and led 
through three cryogenic traps (Figure 3.1). The first two traps (water trap 1 & 2) operate at – 




to freeze out the CO2 from the carrier gas stream. Once the oxidation has finished, as monitored 
by the CO2-detector (see Figure 3.3), the cryogenic trap is isolated and evacuated to remove 
helium and volatile gases while still being cooled by LN to keep the CO2 sample frozen. After 
subsequent cryotransfer of the sample CO2 to the CLE with LN, the CLE is closed-off towards 
the vacuum and the vacuum-lines are again evacuated. The CLE is heated up to room 
temperature. Afterwards, potential small amounts of remaining water vapour is frozen out using 
an ethanol-dry ice bath for 4 minutes before the CO2 is then cryotransferred and collected in 
the MAN while water vapour is kept frozen in CLE by the ethanol-dry ice bath. In MAN, the 
sample CO2 is quantified manometrically after the valve towards the vacuum line is closed and 
the tube reached room temperature. Finally the CO2 is transferred to SAM and flame sealed in 
the glass tube. For 14C analysis in the AMS laboratory, the glass vial is cracked in the gas 
interface system and the CO2 sample is injected into the AMS (MICADAS, University of Bern, 
Switzerland; Ruff et al., 2007; Szidat et al., 2014). 
 
Figure 3.3 Typical NDIR CO2 scan of the decontamination step (first peak) followed by the 
oxidation of a 5 µM sodium acetate standard solution (Sigma-Aldrich, No. 71180) at a helium 




 3.3 Characterization 
To characterise the setup and procedure in terms of its oxidation efficiency, procedural blanks 
and accuracy, various standard and blank measurements have been carried out. For a first 
validation by comparison with other published DOC data, environmental ice samples from Piz 
Zupò and Fiescherhorn [both Swiss Alps; Jenk et al., 2006; Sodemann et al., 2006; Mariani et 
al., 2014; Cao et al., submitted) were analysed. 
3.3.1 Oxidation Efficiency  
 
For determination of the oxidation efficiency, multiple standard solutions covering a range of 
concentrations were prepared from different organic substances using UPW for dissolution 
which had previously additionally been cleaned from DOC and IC in our photo-reactor as 
described earlier. The liquid solutions were then added with a syringe via a septum to the UV 
reactor containing the pre-oxidised water and then were oxidised following the procedure 
described earlier to quantify their carbon content. The efficiency was then calculated from the 
determined carbon yield of the initial substrate after subtraction of the oxidation blank which 
will be discussed in the next section. Using an initial setup with a fixed oxidation time of 45 
minutes; average oxidation efficiencies of 82%, 105%, 79% and 54% for oxalate, formate, 
phthalate and acetate were observed, respectively (Figure 3.4a). With installing the NDIR CO2 
detector in-line in the modified set-up (Figure 3.1)allowing for continuous monitoring of the 
oxidation progress, sample specific adjustment of the oxidation time became possible allowing 
reaching higher efficiencies of up to 90±6% (Figure 3.4b). However, the optimised, much 
longer oxidation times (up to 120 minutes) limit sample throughput and are thus not favourable. 
Based on the study of photo-assisted Fenton-type processes for the degradation of phenol, Fe2+ 
and H2O2 was used to facilitate oxidation in a further improvement aimed at the reduction of 
the analytical time (Hsueh et al., 2005; Kušić et al., 2006). As described, 2 mL of 100 ppm 
FeSO4 and 1 mL of 50 mM H2O2 solution were therefore added to the reactor at the beginning 
of the pre-cleaning step and an additional 1 mL H2O2 right before the sample UV irradiation. 
As a result, the average oxidation efficiency was improved again significantly to 96±6% (n=8, 
various compounds) while strongly shortened irradiation times of 20-30 minutes depending on 
the compound could be achieved (Figure 3.4c). This is an advancement compared to other 




optimised both for oxidation efficiency and irradiation time, the analysis of one blank and three 
samples can be performed per day.  
 
Figure 3.4 Oxidation efficiency for different organic compounds. a) initial setup with fixed 
oxidation time at 45 min; b) modified setup allowing compound specific optimisation of the 
oxidation time (60-120 min); c) modified setup with added Fe2+ and H2O2 for a catalysed 
oxidation reaction (20-30 min). 
 
3.3.2 Standards and Blank  
 
We assume the oxidation step to be the most crucial step of the entire procedure since potential 
contaminations are oxidised and detected along with the sample. To determine the blank mass 
(mCOX) and the blank 14C activity (F14COX) of the oxidation step, solutions were prepared from 
the standard reference material (NIST oxalic acid II, SRM 4990C, F14C = 1.3407 ± 0.0005) and 
sodium acetate (Sigma-Aldrich, No. 71180, F14C = 0.0018 ± 0.0005, Szidat et al., 2014) over a 
range of concentrations and with different F14C activity. In Figure 3.5, the 14C results measured 
for these two standard samples are shown as a function of the carbon mass. Based on these 




isotopic mass balance calculations (Hwang and Druffel 2005). The resulting values for the 
oxidation blank are mCOX = 0.67 ± 0.26 μg C with F14COX = 0.76 ± 0.18 with the uncertainties 
being derived from a full error propagation including the analytical uncertainty for both, mC 
and F14C. In reverse, when these values are now applied for a blank correction of the measured 
standards, good agreement within the uncertainties is found compared to the expected F14C 
values (Figure 3.5). This suggests a correction based on the determined blank values under the 
assumption of a constant contamination is valid. As shown in Figure 3.5 it can be applied over 
a wide range of sample sizes, however it does result in an increase of the overall uncertainty for 
small samples (<10 μg C) due to the uncertainty of the blank. 
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Figure 3.5 F14C of radiocarbon standards before (open symbols) and after correction for the 
oxidation blank (black symbols) with analytical and fully propagated uncertainties (1σ), 
respectively. Solid horizontal lines indicate the reference values for a fossil standard with 
F14C=0.0018 ± 0.0005 (sodium acetate) and a modern standard with F14C=1.3407 ± 0.0005 
(NIST oxalic acid II), respectively. Dashed lines indicate the here determined mean values (1σ 
uncertainty band in gray) of F14C=0.007 ± 0.006 and F14C=1.331 ± 0.003 for the fossil and 





Going one step further, the overall process blank including all pre-treatment steps such 
as ice cutting, melting, and filtration was determined using frozen UPW for the simulation of 
blank ice (UPIce). As expected, this overall process blank was found to be higher in carbon 
mass and higher in variability compared to the above discussed oxidation blank alone (Figure 
3.6). Measurements of 26 individual UPIce blanks resulted in a mean carbon mass of mCP = 
1.9 ± 1.6 μg C (n=26) with 8 samples giving masses below the detection limit (0.5 μg C; to 
calculate the mean, the oxidation blank value was considered in these cases). Due to the 
generally small carbon masses, only a few of these blanks could be measured for radiocarbon 
resulting in a mean F14CP = 0.68 ± 0.13 (n=7). To check the water quality, UPW from the water 
system have been measured routinely, also shown in Figure 3.6. Considering all the results 
shown in this figure, a the trend to higher blanks with increasing water/ice volumes can be 
observed making it apparent that at least a fraction of the determined carbon mass and 
variability in mCP can be assigned  to changing water quality. Similarly set-up and method 
unrelated, a contribution from potential contamination occurring during the freezing process of 
the UPIce blocks cannot be excluded. With the current data set, a quantitative distinction of 
these different contribution factors is however not possible and both size and uncertainty of the 
determined overall process blank can be considered to be rather conservative estimates. 
Nevertheless, our method still performs excellent in terms of low carbon background if 
compared to other set-ups, with our values being at the low end (Table 3.1).  
Considering the effect of blank correction on the uncertainty, the conventional 
approximation is that samples with a carbon content of around 5 times the blank mass still 
allows obtaining reliable results. In our case, this would require a minimal sample mass of 9.5 
μg C. Considering a maximum sample size of about 350 mL, our setup can thus be expected to 
reliably allow analysis of samples with concentrations as low as ~25 ppbC (= 25 μg C kg-1 ice). 
This makes our method applicable for the analysis of typical high-alpine ice core samples and 






















1.9 ± 1.6 μg C 
 
Figure 3.6 Process blank including all method steps. Open circles indicate blanks using ultra-
pure water samples (UPW blank) and closed circles artificial ice blanks prepared by freezing 
ultra-pure water (UPIce blank). The UPIce blank mean is indicated by the dashed line with 




3.3.3 Natural Ice Samples  
 
In order to apply the described set-up and method to natural ice samples in a first attempt, 
sections of a 43 m long ice core from Piz Zupò (3900 m asl., Swiss Alps), drilled in 2002 were 
selected. The high mean annual accumulation rate of 2.6 ± 0.8 m w.e. [Sodemann et al., 2006] 
allows investigating the seasonal variation of DOC. Samples from a depth of 29-41 m 
(corresponding to the period of 1991-1995) that consisted of porous firn were cut and analysed. 
Our results, however, show no clear seasonal DOC trend, but extremely high DOC 
concentrations of about 950-1400 ppbC with depleted F14C values (~0.15-0.22) especially in 
the top part of this core, assigned to the years 1994-1995 AD. These high concentrations are 
unexpected based on available results of similar age from Col du Dôme (French Alps) with 
DOC values of around 200 ppbC [Legrand et al., 2013]. Thus, contamination of this porous firn 
part of the core has to be assumed. This is supported by the fact that the observed DOC 
concentrations show significant increase with decreasing density of the firn. An estimate of the 
mean density at which bubbles are closed-off in the firn can be calculated [Martinerie et al., 
1992; Martinerie et al., 1994] and is around 0.81 kg/L for the conditions at Piz Zupò. With 
decreasing densities (i.e. depth), the open porous space in the firn increases and is connected to 
the atmosphere. Core sections from these depths thus do not contain enclosed bubbles but open 
pores connected to the ambient air allowing potential contaminants to diffuse into the core with 
the possibility of subsequent deposition. This process is active from the time of drilling, over 
the entire time of storage until final sample handling. The F14C results of around 0.2 gives 
further indication of the contamination, pointing to a source being dead in 14C if considering 
the expected F14C range of around 0.8-1.1 [May et al., 2013; Cao et al. submitted]. We thus 
assume the contamination sources to be related to indoor (cold room) storage and packing 
material (e.g. outgassing plastic bags and isolation foams). Based on these first results, one 
should be very cautious when analysing and interpreting DOC data from firn samples, at least 
if stored for a long time, since this source of contamination cannot be removed by 
decontamination procedures. 
In a second attempt, we selected samples from the Fiescherhorn ice core using sections 
from greater depth and ice densities of around 0.9 kg/L (i.e. solid ice samples). We analyzed 
samples from the period 1925-1936 AD, because annual mean DOC concentrations were 




concentration we found was 66 ± 19 ppbC with an F14C of 0.74 ± 0.05 (n=9), which is in good 
agreement with the concentrations of 70 ppbC at Col du Dôme [Legrand et al., 2013]. F14C 
values are comparable to the values measured in WIOC in the Fiescherhorn ice core (F14C = 
0.70 ± 0.08, Cao et al. submitted, note that values there are given as fNF and for comparison 
were converted to F14C here).  
3.4 Conclusions 
 
We present a new set-up for the analysis of DOC and its 14C content. The comparison with 
other devices for 14C analysis of DOC shows our setup performs excellent in terms of low 
carbon background with the advantage of higher carbon yields while keeping analysis time low. 
This was achieved thanks to sample treatment under inert gas conditions, a thorough 
decontamination procedure of the system prior to sample loading and an enhanced UV 
oxidation efficiency by taking advantage of the Fenton catalytic reaction. With the current setup, 
samples with DOC concentrations as low as ~25 ppbC can be reliably analysed for 14C when 
using the maximal applicable volume of 350 mL of ice. First analysis of samples from two 
Alpine ice cores (Fiescherhorn and Piz Zupò, Switzerland) resulted in values comparable to 
previous studies using different setups. Furthermore, this analysis also indicated the high risk 
of DOC contamination in firn samples, at least if stored for a longer period of time. In the near 
future, this system will allow increasing the number of available long-term DOC records 
covering the pre-industrial period, which is an important constrain for emission estimates used 
to simulate aerosol forcing in current climate models.  
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Alpine glaciers are valuable archives for paleoclimate records. A precise chronology is essential 
to interpret the climate signal preserved in ice cores. Radiocarbon dating of Water-insoluble 
organic carbon (WIOC) fraction has become an important dating tool to constrain the age of 
ice cores from nonpolar region. However, in some cases this method is restricted by the low 
WIOC concentration present in the ice.  In this work, we present first comprehensive 14C dating 
results using the dissolved organic carbon (DOC) fraction, evaluating this new approach by 
comparison to the established WIO14C dating based on parallel sample sections from four 
different glaciers. 14C dated ages of the two fractions yield a comparable probability distribution 
with WIO14C systematically resulting in a slightly older mean age  for samples younger than  
around 1000 years. Our data suggests this to be caused by an incomplete removal of carbonates 
(14C dead) on the filtered WIOC samples while a potential reservoir effect from aged aerosols 
in the WIOC being negligible considering the analytical uncertainties currently achieved. This 
study confirms that 14C dating of the ice entrapped DOC fraction is applicable and a valuable 
future tool for the dating of ice samples. There is no indication of in-situ production 
systematically contributing to DO14C as reported in a previous study. The benefits to use the 
DOC fraction is not just reducing the required ice mass, but also improving the analytical 
precision. Finally, with this new DO14C method, it may be possible to push radiocarbon dating 




4.1 Introduction  
 
For a meaningful interpretation of the recorded paleoclimate signals in ice cores from glacier 
archives, an accurate chronology is essential. Annual layer counting, supported and tied to 
independent time markers such as the 1963 horizon evident by a peak maximum in tritium or 
other radioisotopes, or distinct signals from known volcano eruptions in the past is the 
fundamental and most accurate technique used for ice core dating. However, for ice cores from 
high alpine glaciers this approach is limited up to a few centuries only, because of the 
exceptional strong thinning of annual layers with increasing depth and thus a loss of the 
sampling resolution required for the detection of seasonal fluctuations or the detection of 
distinct single events. Ice flow models (e.g. Nye’s model) are widely used to retrieve a full 
depth age scale [Nye, 1963; Bolzan, 1985; Thompson et al., 2006]. However, due to the 
complex bedrock geometry of high-alpine glaciers, ice flow models can also not be applied for 
the entire length of the core. Even with a 3D model, which requires complex geometry data, it 
is challenging to simulate the bottom age [Licciulli et al., 2020]. This emphasizes the need for 
an absolute dating tool applicable to the oldest, bottom part of cores from these sites.  
Radioactive isotopes contained in the ice offer the opportunity to obtain absolute ages of 
an ice sample. The concentrations of 39Ar and 32Si are both very low requiring several kg of ice 
for dating [Morgenstern et al., 2010; Feng et al., 2019]. 210Pb and 14C are the most promising 
radioactive isotopes for dating. With the half-life of 22.3 years, 210Pb can be used to date ice 
back to 200 years [Gäggeler et al., 2020]. However, for millennial scale ice cores, 14C dating is 
the technique of choice. With  a half-life of 5370 years  dating up to 26000 years is possible 
[Godwin, 1962], which is covers most of time ranges of alpine glaciers [Uglietti et al., 2016]. 
14C dating of water insoluble organic carbon (WIOC) from glacier ice has become an 
established technique for ice core dating. Samples of >10 μg WIOC can now be dated with 
reasonable uncertainty (10-20%), requiring less than 1 kg of ice from typical mid-latitude and 
low-latitude glaciers [Jenk et al., 2007; Jenk et al., 2009; Sigl et al., 2009; Uglietti et al., 2016]. 
However, the low WIOC concentration in some glaciers and in Polar Regions together with the 
large demands of ice mass puts a limit to this application. 
Considering previously reported dissolved organic carbon (DOC) concentrations in ice 
being a factor of about 5 higher compared to typical  WIOC concentrations [Legrand et al., 




reduce the required ice amount.  This may allow an extension of 14C dating to new sites and 
generally reducing the achievable analytical (dating) uncertainty. The underlying hypothesis of 
applying the DOC fraction for 14C dating is similar to WIOC dating approach [Jenk et al., 2007; 
Sigl et al., 2009]. DOC stored in ice is composed of atmospheric water soluble organic carbon 
(WSOC) contained in carbonaceous aerosol particles and organic gases taken up during 
precipitation [Legrand et al., 2013].  WSOC is formed in the atmosphere by oxidation of gases 
emitted from the biosphere, followed by condensation of the less volatile products. 
Carbonaceous aerosols are transported in the atmosphere and eventually deposited on the 
glacier by wet and dry deposition. Before the industrial revolution, these organic carbon species 
contained the corresponding atmospheric 14C signal when the snow deposited on the glacier.  
For analysing of DO14C in ice cores, one of the major limitations is the relatively low extraction 
efficiency ranging from 64% to 96%, [Steier et al., 2013 and May et al., 2013], respectively and 
the high risk of sample contamination [Legrand et al., 2013]. In contrast to high-temperature 
combustion or wet-chemical oxidation techniques, the use of ultraviolet (UV) photochemical 
oxidation has the advantage of being suitable for large volumes of sample with low carbon 
content [Beaupré et al., 2007]. Ice cores can potentially be contaminated during drilling, storage, 
and sample processing. 
A first attempt to use DOC for 14C dating of ice samples was conducted by May (2009) 
using a set-up for a combined analysis of both the DOC and WIOC fraction with subsequent 
radiocarbon microanalysis.  However, their results were not entirely conclusive, also suggesting 
potential in-situ production of 14C in the DOC fraction based on derived F14C values indicating 
super modern origin. Building on these initial findings, May (2009) questioned the applicability 
of the DOC fraction for radiocarbon dating. It should be noted, that although the in-situ 14C 
production of 14CO and 14CO2 has been studied thoroughly and is rather well understood (Van 
de Wal et al., 1994; Lal et al., 1997; Smith et al., 2000),  the potential processes and mechanisms 
of 14C in-situ formation in organic compounds seem far less likely and not investigated to date 
(Woon, 2002).  Also the first 14C dating results using the WIOC fraction were rather 
questionable in May (2009) and in cases conflicting with previous and proven findings from 
the pioneering studies in this field. Therefore, a DOC extraction setup for radiocarbon analyses 
was designed and built at PSI for further investigation of the potential of DO14C for dating ice 
(Fang et al., 2019). The PSI extraction system can handle samples with volumes of up to ~350 




dating of samples from selected ice cores and compare the DOC 14C age with ages obtained 
using the well established WIOC 14C dating method.  
 
4.2 Sample preparation and 14C analysis 
 
To validate the DOC 14C dating technique, the deep part of ice cores from the four glaciers  
Colle Gnifetti, Belukha, Chongce core 1, and Shu Le Nan Shan (SLNS) were selected (Figure 
4.1). The high-alpine glacier Colle Gnifetti is located in the Monte Rosa massif in the Swiss 
Alps close to the Italian border. A 76 m long core down to the bedrock was retrieved from the 
glacier saddle in September 2015 at an altitude of 4450 m asl. (45°55’45.7’’N, 7°52’30.5’’E). 
Four samples were selected from the bottom 4 m (72-76 m) right above the bedrock. The 
Belukha core was drilled in 2018 from the saddle between the two summits of Belukha 
(49°48'27.7''N, 86°34'46.5''E, 4055 m asl.), the highest in the Altai mountain range, which  is 
of particular interest due to the proximity to Eastern Europe. The bedrock was reached and the 
total length of the core is 163 m. Three samples were analyzed from the deeper part (158-163 
m). Seven and three samples were analyzed from the deep parts of SLNS and Chongce, 
respectively. The SLNS ice core was retrieved in May 2010 from the south slope of the 
Shulenanshan Mountain (38°42'19.35''N, 97°15'59.70''E, 5336.5 m asl.). The bedrock was 
reached and the total length of the ice core is 81.05 m. The Chongce ice cap is located in the 
western Kunlun Mountains on the northwestern Tibetan Plateau, covering an area of 163.06 
km2 with a volume of 38.16 km3. The ice cap faces south with a mean equilibrium line altitude 
of 5900 m asl. A 134.03 m long core down to the bedrock was retrieved from this ice cap in 





Figure 4.1 Location of the four glaciers Colle Gnifetti, Belukha, Chongce, and Shu Le Nan 
Shan (SLNS). Map made from Matlab R2019b geobasemap. Colle Gnifetti is located in the 
Monte Rosa massif in the Swiss Alps, Belukha glacier in the Altai mountain range, Russia, the 
Chongce ice cap on the northwestern Tibetan Plateau, China, and the SLNS at the south slope 
of the Shulenanshan Mountain, China.   
 
All sample were decontaminated in a cold room (−20ºC) by cutting off the surface layer 
(~3 mm). Each sample was split into two parallel sections to perform both WIOC and DOC 14C 
analysis. Samples for WIOC 14C-daing were prepared following the protocol described in 
Uglietti et al. (2016), a brief summary is provided in the following.  In order to remove potential 
contamination in the outer layer of the ice core, pre-cut samples from the inner part of the core 
were additionally rinsed with ultra-pure water.  After melting, the contained particles were 
filtered onto prebaked quartz fibre filters (Pallflex Tissueqtz-2500QAT-UP). These initial steps 




For DO14C analysis, sample preparation follows the procedure in Fang et al. (2019). After 
transfer to the laboratory, samples were further decontaminated by rinsing with ultrapure water 
under helium atmosphere in the melting vessel of the extraction setup, where they were also 
melted under helium flow. An extra decontamination step was applied to clean the system 
before filtering the sample into the reactor. For this 50 mL ultra-pure water was injected into 
the reactor and acidified with 1 mL of 85% H3PO4.  To enhance the oxidation efficiency, 2 mL 
of 100 ppm FeSO4  and 1 mL of 50 mM H2O2 (Fenton’s reagent) was also injected into the 
base water following the study from Hsueh et al. (2005) and Kušić et al. (2006). Switching on 
the UV lights for ~20 to 30 min to remove all potential contamination and monitoring the 
resulting CO2 by the online non-dispersive infrared (NDIR) analyzer. After the ice melted, the 
meltwater was filtrated using a pre-baked (heated at 800 °C for 5 h) in-line quartz fibre filter 
under helium gas flow. The sample volume was determined by measuring the reactor fill level. 
The filtrate was acidified by mixing with the base water containing H3PO4 from the extra 
decontamination step. After the degassing of CO2 from inorganic carbon (IC) based on the 
NDIR signal, 1 mL of 50 mM H2O2 was injected into reactor right before the irradiation started. 
During UV oxidation, water vapor was removed by cryogenic trapping at – 60 °C and produced 
CO2 was trapped in liquid nitrogen. The sample CO2 was further cleaned from residual water 
vapor and quantified manometrically. Finally, CO2 was sealed into a glass vial for 14C 
analyses.14C measurements were carried out at the University of Bern in the Laboratory for the 
Analysis of Radiocarbon with AMS (LARA laboratory). The obtained WIOC samples were 
combusted in a thermo-optical OC/EC analyzer (Model4L, Sunset Laboratory Inc, USA) 
equipped NDIR cell to quantify the CO2 produced, using the well-established Swiss 4S protocol 
for OC/EC separation (Zhang et al., 2012). Being coupled to a 200 kV compact accelerator 
mass spectrometer (AMS, mini radiocarbon dating system MICADAS) equipped with a gas ion 
source and a Gas Interface System (GIS, Synal et al., 2007; Ruff et al., 2010; Wacker et al., 
2013; Szidat et al., 2014), the LARA Sunset-GIS-AMS system (Agrios et al., 2017) then 
allowed for final, direct online 14C measurements of the CO2 produced from the WIOC fraction. 
Resulting CO2 gas from DOC in the glass vial was directly injected into the MICADAS using 
a cracker system, which is designed for cracking glass vials under vacuum and carrying the 
CO2 gas with a helium flow to the Cs ion source [Wacker et al., 2013].   
All 14C results are expressed as fraction modern (F14C), which is the fractionation 




standard oxalic acid II, SRM 4990C). The F14C results shown in Table 4.1 are corrected for the 
MICADAS system constant contamination (0.91±0.18 µg with F14C of 0.72±0.11 for the 
Sunset-GIS-AMS system and 0.06±0.18 µg with F14C of 0.50 ±0.11 for the cracker system), 
cross contamination (0.2 % from the previous sample), and procedure blanks (1.26±0.59 µg 
with F14C of 0.69±0.15 for WIOC samples and 1.9±1.6 μg with a F14C value of 0.68±0.13 for 
DOC samples). All these uncertainties were propagated throughout whole data processing until 
final 14C calibration. These corrections have a stronger effect on low carbon mass samples, 
resulting in a larger dating uncertainty. Therefore, we only discuss samples with a carbon mass > 
10 µg as recommended in Uglietti et al. (2016). We calculated the conventional 14C age based 
on the mean lifetime of 8033 years [Stuiver and Polach, 1977], and given in years before present 
(BP, BP=1950) in Table 4.1. The conventional 14C ages were calibrated using OxCal 4.3.2 
software with the IntCal13 calibration curve (Reimer et al., 2013; Ramsey, 2017. Calibrated 
mean ages are given in years before present (cal BP) with ±1σ range in Table 4.2. We also 
calibrated our data with the sequence deposition model (Ramsey, 2008), which are given as cal 




4.3.1 DOC and WIOC concentration  
 
DOC concentrations are generally higher than the corresponding WIOC concentrations (Figure 
4.2). The average DOC/WIOC concentration ratio is 1.9 ± 0.6 for the four glaciers (Table 4.1). 
This is lower than the previously reported average DOC to WIOC ratio of about 5 in three 
discontinuous samples over the time period of 1568-1854 from Colle Gnifetti, Swiss Alps 
[Legrand et al., 2007; Legrand et al., 2013]. The difference maybe the result of spatial and 
temporal natural variation. DOC related WSOC typically contributed 20-80% of the total 
organic carbon depending on the season and region [Decesari et al., 2001; Ram et al., 2010; 
Khare et al., 2011]. At the alpine high elevation site of Sonnblick (3106 m asl), the ratio of 
WSOC/WIOC is about 1.5 [Pio et al., 2007]. Consider about the uptake of organic gaseous, the 
slightly enriched ratio we observed in ice is consistent with atmospheric observation about DOC 
related WSOC to WIOC.  Legrand et al., (2007) suggested estimate WSOC from DOC by 




Table 4.1 WIOC samples analyzed for Colle Gnifetti, Belukha, SLNS and Chongce ice cores 






Be Nr.  F14C (±1σ) 14C age 
(BP, ±1σ) 
CG110 72.1-72.7 35.2 61.9±3.3 11770.1.1 0.875±0.011 1088±96 
CG111 72.7-73.4 38.7 71.8±3.8 11771.1.1 0.848±0.010 1334±93 
CG112 73.4-73.9 23.7 44.1±2.4 11772.1.1 0.852±0.014 1306±129 
CG113 73.9-74.6 39.8 72.4±3.8 11773.1.1 0.786±0.010 1949±102 
Belukha412 160.2-160.9 37.8 85.2±4.5 11766.1.1 0.368±0.009 8055±189 
Belukha414 161.7-162.5 27.8 82.6±4.4 11768.1.1 0.213±0.012 12448±460 
Belukha415 162.5-163.0 39.3 123.3±6.5 11769.1.1 0.102±0.009 18398±766 
SLNS101 56.8-57.5 41.5 98.9±2.1 12325.1.1 0.906±0.048 792±424 
SLNS113 64.7-65.4 45.3 106.1±2.5 12324.1.1 0.856±0.047 1245±439 
SLNS122 68.9-69.7 58.5 138.0±3.6 12323.1.1 0.810±0.046 1689±457 
SLNS127 71.8-72.5 50.9 105.3±2.5 12322.1.1 0.701±0.046 2851±525 
SLNS136 76.7-77.5 50.6 135.2±3.0 12321.1.1 0.530±0.045 5104±685 
SLNS139 78.9-79.6 61.2 126.3±3.6 12320.1.1 0.528±0.045 5124±685 
SLNS141-142 80.3-81.0 61.7 149.5±3.8 12319.1.1 0.496±0.045 5633±729 
CC237 126.0-126.7 22.4 63.7±1.8 12328.1.1 0.718±0.050 2662±558 
CC244 130.2-130.8 29.8 95.9±2.2 12327.1.1 0.650±0.048 3455±588 











Table 4.2 DOC samples analyzed for Colle Gnifetti, Belukha, SLNS and Chongce ice cores. 






Be Nr. F14C (±1σ) 14C age 
(BP, ±1σ) 
DOC/WIOC 
CG110  72.1-72.7 18.9 110.0±2.7 11575.1.1 0.943±0.030 474±259 1.8 
CG111  72.7-73.4 25.5 122.9±3.0 11576.1.1 0.901±0.021 836±190 1.7 
CG112  73.4-73.9 23.6 95.0±2.3 11577.1.1 0.889±0.021 943±192 2.2 
CG113  73.9-74.6 29.5 119.4±2.9 11578.1.1 0.849±0.016 1312±151 1.7 
Belukha412  160.2-160.9 28.5 165.0±4.0 11581.1.1 0.315±0.024 9284±623 1.9 
Belukha414  161.7-162.5 41.9 327.4±7.9 11584.1.1 0.239±0.019 11505±648 4.0 
Belukha415  162.5-163.0 23.7 231.0±5.6 11585.1.1 0.144±0.041 15584±2298 1.9 
SLNS101  56.8-57.5 44.0 184.9±4.5 12458.1.1 0.972±0.016 227±131 1.9 
SLNS113  64.7-65.4 39.4 185.2±4.5 12459.1.1 0.942±0.016 484±137 1.7 
SLNS122  68.9-69.7 57.9 248.0±6.0 12460.1.1 0.773±0.010 2073±101 1.8 
SLNS127  71.8-72.5 57.8 229.7±5.5 12461.1.1 0.730±0.009 2527±101 2.2 
SLNS136  76.7-77.5 48.3 219.1±5.3 12462.1.1 0.657±0.009 3380±112 1.6 
SLNS139  78.9-79.6 48.1 230.8±5.6 12463.1.1 0.580±0.010 4381±131 1.8 





























snow is negligible and monocarboxylic acids are account for about 15% to 25% of  DOC from 
Col du Dôme, Colle Gnifetti and Fiescherhorn [Legrand et al., 2007: Fang et al., 2020]. Using 
the WSOC/WIOC of 1.5 to estimate the DOC/WIOC in the ice is about 1.7-1.9, which is in the 
ideal range of our results. It’s also interesting to notice that average DOC/ WIOC ratio from 
Belukha (2.5) is higher compare to other sites (Colle Gnifetti, SLNS and Chongce is 1.8, 1.7 
and 1.6, respectively). Belukha glacier is surround by Siberian Forest, the higher ratio may 
indicate higher WSOC formation from biogenic volatile organic compounds. DOC and WIOC 
concentrations at Colle Gnifetti (112 ± 12 µg/kg and 63 ± 13 µg/kg, respectively) are slightly 
lower compared to the other three glaciers. It also interesting to notice that not just the 
DOC/WIOC ratio is highest at Belukha, but also the DOC concentrations (241 ± 82 µg/kg) 
(Figure 4.2). Belukha glacier is surrounded by Siberian Forests, a strong source of WSOC 
forming biogenic precursor gases. Mean DOC and WIOC concentrations from cores retrieved 
from Tibetan Plateau are 211±28 µg/kg and 123±19 µg/kg at SLNS and 156±40 µg/kg and 
99±37 µg/kg at Chongce, respectively. In general, these values are higher compared with 
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4.3.2 14C results  
 
F14C values from DOC fraction is generally following the same trend as WIOC but except the 
site from Chongce. The DOC F14C fall far below the corresponding WIOC F14C values. 
Generally the corresponding DOC and WIOC fractions yielded within the uncertainties the 
same F14C values as illustrated by the scatter plot in Figure 4.3. Values scatter along the 1:1 
ratio line and these two dataset are significantly correlated (Pearson correlation coefficient 
r=0.96, p<0.01, n=19). However, as we expected, three sample from Chongce are fall far above 
the 1:1 ratio line (Figure 4.3a). Previous 14C ages from the upper part of the Chongce core 2 
(80-180 m), less than 2km away from core1, did not show a clear increase with depth and it 
was suggested that the observed larger uncertainties were caused by a high mineral dust load 
(Hou et al., 2018). During filtration, we also noticed a higher dust loading for these samples. 
Therefore, we exclude these samples from Chongce for the linear regression shown in the 
Figure 4.3a. The slope of the linear regression (1.03 ± 0.04, R2=0.97, n=16 exclude the three 
sample from Chongce) show these two method comparable but the intercept of 0.02 indicates 
that F14C-DOC values are systemically higher compare to the corresponding F14C-WIOC 





Figure 4.3: Linear regression of DOC and WIOC in F14C (a) and 14C age (b).  The black line 
with shade area is the linear fit together with 95% confidence band. 1:1 ratio indicated with 





4.4 Discussion  
 
4.4.1 Potential contribution of carbonates to WIOC dating  
 
We observed an average age offset of  around 700 years between the DOC and WIOC fraction 
for samples from Colle Gnifetti, Belukha and SLNS, but this was significantly larger (around 
2000 years) for samples with high dust content from Chongce. We assume that the discrepancy 
is caused by incomplete removal of carbonates contained in mineral dust, which are depleted 
in 14C  (F14C values close to 0). These carbonates on the filters should have been converted to 
CO2 by the acidification. However, when the dust loading is high, this removal might not be 
fully efficient. The low F14C values of carbonates would result in the largest bias for the young 
sample based on the 14C mass balance: 
Cmeas × F14Cmeas= WIOC×F14Csample +Carbonates residual ×F14Ccarbonates 
Cmeas and F14Cmeas are the measured carbon amount and F14C values. WIOC and F14CWIOC is 
the WIOC carbon amount and the corresponding F14C value. Carbonates residual is the carbon 
from carbonates remaining on the filter after acidification, F14Ccarbonates was set to 0.005. For 
example, if the sample contained 20 µgC WIOC with F14C values of 0.92, 1 µgC of carbonates 
residual would introduce a bias of 0.05 to resulting F14C . Nevertheless, for an old sample with 
F14C of 0.22 and the same WIOC amount of 20 µgC, 1 µgC of carbonates would only result in 
0.01 difference of the F14C value.  
Based on the 14C mass balance equation descripted before and applying the least squares 
to find the best estimation of remaining carbonates for the four glaciers, CG, Belukha, SLNS 
and Chongce contained about 2.2, 5.0, 4.0 and 6.9 µgC of carbonates remaining on the filters, 
respectively. As proxy for mineral dust we used Ca2+, which showed much higher 
concentrations in the Chongce (2170 µg/kg over the time period of 1903-1992, ChongYi et al., 
2016) and dated Belukha core (5165 µg/kg)  compared to dated Colle Gnifetti samples (83 
µg/kg) . Ca2+ concentrations of SLNS data are not available yet, instead we used the Ca2+ 
concentrations, 1700 µg/kg, from nearby  Puruogangri ice cap [Thompson et al., 2006]. The 
estimated carbonates residuals show a relationship with the Ca2+ concentrations, i.e. sample 




carbonates. Most of the carbonates (>95%) were removed by the acidification, but for the 
samples with high dust load a bias of the F14C nevertheless resulted (Table 4.4).  
The F14C values corrected for residual carbonates and the corresponding 14C ages are 
shown in Figure 4.4.  Based on the linear regression of 14C age, our assumption that the offset 
is mainly due to carbonates seems to slightly overestimate the impact. This assumed offset from 
carbonates residual is in the same range with 1σ uncertainties (Figure 4.5). In addition, similar 
to the analytical 1σ uncertainty, youngest samples are influenced most and with increased age 
the bias decreases significantly. The age bias from carbonates residual is largest for the group 
younger than 1000 years with 49% offset, but the analytical uncertainty is also ± 23 % of the 
mean age (Table 4.4). For the age group between 1000-2000 years, this bias is not obvious 
anymore, ± 23 % comparable with the analytical uncertainty of ± 16 %. For samples > 2000 
years, the carbonates residual bias (±7%) is masked by the dating uncertainty (±10%). In the 
review paper about WIO14C dating (Uglietti et al. 2016), all ice samples discussed were older 
than around 1000 years. Thus, the bias did not play a role.  
Most of the WIO14C data previously reported by our group have been calibrated with 
deposition sequence model, which normally causes a shift of the mean 14C age of the upper 
samples to younger ages in the potential age distribution area. This could have partly 
compensated for the bias from carbonates for samples <1000 years. In addition, for all these 
published ice core chronologies, the age-depth relationships were modeled (2p model or Copra 
for Ortles). Thereby, the models were constrained by independent dating methods (ALC, 
Horizons) in the younger part of the core. Therefore, a potential age bias of 14C results younger 
than 1000 years was significantly reduced resulting in the final age scales to be not biased 





Figure 4.4 Carbonates corrected F14C (a) and 14C age (b) of the WIOC fraction compared with 
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Figure 4.5 Assumed WIO14C age offset due to carbonates and the corresponding 1σ analytical 
uncertainty of each sample versus sample 14C age.  
 
4.4.2 Age scales  
 
Calibrated 14C age distributions (cal BP) of DOC and carbonates corrected WIOC using OxCal 
V4.3.2 with IntalCal13 are shown in the Table 4.3 [Reimer et al., 2013; Ramsey, 2017]. We 
also applied the deposition sequence model to constrain our data, the results are given as 
calibrated 14C ages (cal BP) with deposition sequence model [Ramsey, 2008].  
The bottom ages of the four glaciers clearly show a decrease with latitude. The Belukha 
core is much older than other glaciers (Figure 4.6). A mean age > 20,000 year cal BP for the 
deepest sample of Belukha core was obtained from both DO14C and WIO14C dating, indicating 
that the Belukha glacier is of Pleistocene origin. This is older than the previously reported age 




retrieved from Belukha West Plateau and not from the saddle [Aizen et al., 2016; Uglietti et al., 
2016].   The two glaciers from the Tibetan Plateau (SLNS and Chongce) show similar bottom 
ages of around 5500-6000 year BP, which agree with the previously reported age ranges of TP 
glaciers [Hou et al., 2018]. The bottom age of Chongce core 1 (5580 ± 295 cal BP) is in the 
same range as the bottom sample for the Chongce core 2 (6220 ± 223 cal BP). Previous WIOC 
dating from a core obtained in 2003 at Colle Gnifetti showed an age older than 15000 years just 
above bedrock (Jenk et al., 2009). The bottom most sample of the Colle Gnifetti 2015 was not 
dated because of the small amount of ice. Nevertheless, the younger ages of the 2015 core imply 
that bedrock was probably not reached. 


















Figure 4.6 The bottom ages of the four glaciers shown with latitude, DO14C dates shown in 
filled squares and carbonates corrected WIO14C ages indicated as open circles.  Previously 
reported Belukha bottom age indicated as triangle, the arrow indicate the age is larger than 
11600 calBP [Uglietti et al., 2016]. The Colle Gnifetti bottom age is from Jenk et al. (2009) and 
based on WIOC. For the bottom age of Chongce, results from core 2 are also shown as triangle 




Table 4.3 Calibrated 14C micro age 1 σ range using OxCal V4.3.2 with Intcal13 and sequence deposition model constrained age.  
Core section WIOC  
Cal age 
(cal BP) 
WIOC Cal age  





DOC Cal age  
with sequence  
(cal BP) 
CG110 1024±110 1003±99 464±235 403±196 
CG111 1238±96 1198±81 810±169 749±123 
CG112 1209±130 1310±98 901±176 947±139 
CG113 1898±130 1890±123 1222±153 1248±144 
Belukha412 8954±247 8953±247 10695±867 10701±861 
Belukha414 14740±690 14741±691 13646±893 15063±737 
Belukha415 22343±950 22343±949 20264±4073 20605±3936 
SLNS101 850±395 707±317 250±145 226±137 
SLNS113 1299±452 1264±333 480±131 505±111 
SLNS122 1764±513 1902±427 2057±129 2056±129 
SLNS127 3177±677 3223±625 2585±125 2585±125 
SLNS136 6014±820 5424±617 3635±138 3636±137 
SLNS139 6014±818 6171±567 5014±191 5007±187 




















Table 4.4 Calculated residual carbonates of the analyzed samples together with the Ca2+ concentrations.  Given values are the mean over 




Fraction of  






Residual carbonates / 
Ca2+ 
 ratio (%) 
Colle Gnifetti 2.2 6 4 83 4.8 
Belukha 5.0 21 15.5 5165 0.3 
SLNS 4.0 8 10.4 ~1400 * 0.7 
Chongce 6.9 28 29 2170  #   1.3 
 
*Ca2+ concentration over the period of 7000 years in the Puruogangri ice cap on the central Tibetan Plateau (Thompson et al., 2006).  








We investigated the potential to use the DOC fraction in ice cores for radiocarbon dating.  Our 
data confirmed that DOC concentrations are consistently higher than WIOC concentrations in 
high alpine ice cores.  Obtained DO14C ages are comparable with WIO14C ages and with 
previously published results from the same glaciers, underlining the great potential for applying 
DO14C analysis for ice core dating. Effects of in-situ 14C production on DO14C ages, as 
suspected in previous studies, were not observed. Our study demonstrates the benefits of DO14C 
dating: reduced required ice amount, higher precision with same sample mass, less reservoir 
effect and no carbonates bias from mineral dust. This opens up new fields for radiocarbon dating 
of ice for example in remote or Polar Regions. In addition, with the DO14C dating results we 
were able to shed light on the longstanding unresolved question about the potential WIO14C 
dating bias due to the presence of carbonates in the ice, particularly for samples with high 


















Figure S4.1 Linear fit of DOC and WIOC calibrated 14C age (a) and sequence model 
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Investigating North Pacific climate variability during warm intervals prior to the Common Era 
is essential to understand the behavior of ocean-atmosphere teleconnections between low 
latitudes and the Arctic under future warming scenarios. However, most of the existing ice core 
records in the Alaska/Yukon region only allow access to climate information covering the last 
few centuries. Here we present a complete depth-age scale for a 208 meter surface-to-bedrock 
ice core recovered in 2013 from the summit plateau of Mt. Hunter (Denali National Park, central 
Alaska). The annual layer signal is unambiguous to a depth of 190 meters (152.8 m w.eq.), 
where the age of the ice is 1203 ± 41 years old (i.e. representing the year 800 CE). Below that 
depth, annual layering could not be identified due to glacier flow-induced thinning. By applying 
radiocarbon dating on the ice contained carbonaceous aerosols and a two-parameter glacier 
flow model, a continuous depth-age relationship has been established. This is the first time 
micro radiocarbon dating has been applied to a high latitude Northern Hemisphere ice core, 
where concentrations of ice impurities (including carbon) are particularly low. To achieve this, 
the amount of ice sampled to obtain the required carbon mass was increased (>1 kg) and 14C 
analysis of 16 samples was done using using established (water insoluble organic carbon 
[WIOC]_and new (dissolved organic carbon [DOC]) techniques.  Calibrated 14C ages from the 
two deepest samples (207.9 m, 7,946-10,226 years cal BP; 208.2 m, 7,018-7,975 years cal BP) 
indicate that basal ice on Mt. Hunter has an early Holocene (>8 kyr) origin. Samples from 
depths of 198.7 to 205.6 meters have nearly uniform 14C ages (3,200 to 3,500 years cal BP), 
which may reflect a significant increase in snow accumulation at Mt. Hunter in the mid-
Holocene coeval with regional Neoglaciation. When paired with the ~20,000 year long Mt. 
Logan Prospector Russel Col (PRCol) record, the Mt. Hunter ice core will allow investigation 





5.1 Introduction  
  
Arctic surface temperatures have increased more than twice as fast as global temperature during 
the early 20th century and since the 1970s [Bengtsson, 2004; Tokinaga et al., 2017; Svendsen 
et al., 2018]. Recent modeling results suggest that during the early 20th century, as the Pacific 
Decadal Oscillation (PDO) transitioned to a positive phase, there was a concomitant deepening 
of the Aleutian Low that warmed the Arctic through poleward low-level advection of 
extratropical air [Svendsen et al., 2018].  The impact of Pacific multidecadal variability on 
Arctic warming has considerable implications for sea ice extent [Screen and Francis, 2016], 
and hence the possible linkage between Arctic amplification, sea ice loss, and enhanced mid-
latitude winter variability [Cohen et al., 2014; Francis et al., 2017; Cohen et al., 2018; Screen 
et al., 2018; Blackport et al., 2019].  Whether the present positive PDO conditions will persist 
and contribute to Arctic warming at an even higher rate in the future is a fundamental question 
[Svendsen et al., 2018]. A longer-term perspective on Pacific decadal variability and the 
teleconnection between the tropical Pacific, North Pacific, and the Arctic, particularly during 
warm intervals in the Holocene outside those captured in the instrumental record, would be an 
important contribution to this problem.  Alpine ice cores in the North Pacific region have the 
advantage of sampling atmospheric moisture (e.g., snow), aerosol deposition, and preserve 
physical characteristics (e.g., melt), all of which can be related to Pacific climate processes 
[Zdanowicz et al., 2014], if Holocene (or greater) length records can be recovered. 
The general timing of deglaciation in the Alaska (Brooks Range, Central Alaska Range, 
and southern Alaska) based on terrestrial cosmogonic radionuclide, lichenometric, and 
radiocarbon dating is mostly between 10 and 20 kyr BP [Dortch, 2007].  Following the Last 
Glacial Maximum (LGM), glaciers in the Brooks Range retreated up valley to, or even within, 
their modern limits by ca. 15 ka [Pendleton et al., 2015]. Given the small extent of Brooks 
Range glaciers prior to the Holocene thermal maximum, during which some glaciers in southern 
Alaska disappeared entirely [Barclay et al., 2009], it is possible that Brooks Range glaciers may 
have disappeared as well.  It therefore is unclear where early Holocene (or older) ice is 
preserved in basal layers of glaciers in central Alaska. Most of the ice cores recovered from the 
Alaska/Yukon region (Figure 5.1) are limited in time length to the last few centuries because 




Logan is an exception, which has a bottom age of  ~20,000 years based on the assumption that 
the large decrease in stable isotope ratio at the bottom of the core is related to last Glacial 
Maximum cooling [Fisher et al., 2008].  The PRCol chronology is constrained by a large isotope 
minima and associated chemical changes at 4.2 kaBP, and tephra from the large Alaskan 
eruption of Aniakchak [Walker et al., 2019].  The PRCol record serves as a Global auxiliary 
stratotype for the Middle/Late Holocene subdivision boundary [Walker et al., 2019].  However, 
there are no chronologic tie points in the PRCol record prior to the 4.2 kaBP event, and 
unfortunately the archive of the PRCol ice core was lost in 2017 due to a freezer malfunction 
[Walker et al., 2019].  
New surface-to-bedrock ice cores were recovered from the Mt. Hunter plateau (Denali 
National Park, Alaska; Figure 5.1) in 2013 at 3900 masl [Winski et al., 2017].  Analysis of the 
upper 190 meters of the core (2013 - 800 CE) reveals that snow accumulation at the drilling site 
has doubled since ~1840 CE, coeval with warming of western tropical Pacific sea surface 
temperatures [Winski et al., 2017] and intensification of the Aleutian Low system [Osterberg 
et al., 2014; Osterberg et al., 2017].  The same core also shows a sixty-fold increase in water 
equivalent total annual melt between 1850 CE and present, which represents a summer warming 
rate of 1.92±0.31°C per century during the last 100 years [Winski et al., 2018]. The Mt. Hunter 
melt layer record is significantly correlated with surface temperatures in the central tropical 
Pacific through a Rossby-wave like pattern that enhances temperatures over Alaska.  Taken 
together, these hydroclimate changes are consistent with linkages between Pacific decadal 
variability and Arctic hydroclimate changes seen in the observational record [Svendsen et al., 
2018], and demonstrate that the North Pacific hydroclimate response since 1850 CE is 
unprecedented in the past millennium.  
An annual layer chronology in the Mt. Hunter core shows the age of ice is 1203 ± 41 
years old at a depth of 190 m (152.8 m w.eq; Winski et al., 2017). Below that depth, annual 
layering could not be identified due to glacier flow-induced thinning. However, based on 
previously reported depth-age scales from alpine glacier ice cores, the bottom 20 meters of ice 
may reach through the Holocene and into the last glacial [Uglietti et al., 2016; Licciulli et al., 
2020].  The Mt. Hunter ice core therefore provides the possibility of establishing a new 
Holocene North Pacific hydroclimate record prior to the Common Era, if a precise and 




water-insoluble organic carbon (WIOC) 14C-dating method has been validated for multiple mid-
latitude ice cores [Uglietti et al., 2016; Hou et al., 2018].  The technique makes use of the 
transport and deposition of carbonaceous aerosols onto the glacier. Before the industrial period, 
carbonaceous aerosols were mainly emitted from the living biosphere and biomass burning as 
well as being produced by secondary organic aerosol formation from gaseous precursors. 
Consequently, this carbon reflects the contemporary atmospheric 14C content. After deposition, 
the WIOC is incorporated into glacier snow, firn and ice and undergoes radioactive decay with 
a half-life of 5730 years [Godwin, 1962].  Here we report results from 14C analysis of the Mt. 
Hunter ice core and use the data in conjunction with the existing late Holocene Mt. Hunter 
chronology [Winski et al., 2017] to produce the first radiometrically dated Holocene-length 
Arctic ice core chronology. We further use these data to evaluate the extent of ice in the North 
Pacific region during early Holocene warmth and possible mid-Holocene changes in 
hydroclimate.   
 
5.2 Methods  
 
5.2.1 Annual layer counting (ALC) in the Mt. Hunter ice core 
 
Two surface-to-bedrock ice cores were drilled in 2013 at 3,900 meters elevation (masl) from 
the saddle between the north and middle peaks of Mt. Hunter, Alaska [Winski et al., 2017; 
Osterberg et al., 2017; Winski et al., 2018].  The ice cores were sampled continuously with an 
ice core melting system at Dartmouth College, which excludes potential contamination from 
the outside of the core. The melt water from the interior of the ice core was pumped through a 
laser particle counter (Abakus, Klotz) and a liquid conductivity meter (LCM). Samples were 
fraction-collected into pre-cleaned vials for chemical and isotopic analysis.  Particle 
concentration and size distribution, and liquid conductivity were measured at resolution of 1 
cm. Major ion concentrations were determined with ion chromatography (Dionex 5000) at a 
resolution of about 5 cm.  Stable isotope ratios of hydrogen (δD) and oxygen (δ18O) in water 
were measured with a Cavity Ring Down Infrared Spectrometer (Picarro L2130i) also at 5 cm 





Figure 5.1 Location map of North Pacific ice core sites with ages or time span: Mt. Hunter 
(this study), McCall Glacier [Klein et al., 2016], Aurora Peak [Tsushima et al., 2015], Mt. 
Wrangell [Yasunari et al., 2007], Bona-Churchill [Porter et al., 2019], Mt. Logan [Fisher et 
al., 2008], Mt. Waddington [Neff et al., 2012].  
 
To develop the Mt. Hunter ice core timescale, three experienced researchers 
independently counted annual layers in the Mt. Hunter ice core chemical data. The timescale to 
1777 CE was determined by counting annual oscillations in δ18O (summer peak), melt layers 
(summer peak), magnesium (spring peak), dust (spring peak), liquid conductivity (summer 
peak), ammonium (summer peak) and methanesulfonic acid (MSA; late summer-fall peak), 
consistent with previous North Pacific ice cores. Using the relative peak positions of MSA in 
the late summer-fall and magnesium in the spring we distinguish cold-season (September-April) 
and warm-season (May-August) snow accumulation on Mt. Hunter back to 1867 CE. The 
timescale from 1777 to 1500 CE is based on annual oscillations of δ18O, δD, deuterium excess, 




analytes, while conductivity and dust concentration measurements were exclusively used to 
date the ice core from 1500–800 CE. 
The Mt. Hunter chronology is validated from 1750–2013 CE by comparing the timing of 
peaks in sulfate, chloride and conductivity to the known dates of explosive volcanic eruptions 
[Winski et al., 2017]. The volcanic events were used only as validation of the layer counting 
efforts and the timescale was not forced to match any particular event. There is no offset 
between the timescale and known volcanic eruptions as indicated by peaks in sulfate, chloride 
and conductivity during the 19th and 20th centuries, indicating a precision within +/−1 year 
throughout the last 200 years. The volcanoes in the 18th century used for chronology validation 
(Laki, 1784 and Pavlof, 1763) were offset by one year from the chronology. Additionally, 137Cs 
concentrations in the Mt. Hunter core strongly peak in 1963 during the largest atmospheric 
nuclear weapons testing period, which closely matches other published data. 
5.2.2 Mt. Hunter ice core 14C analysis  
 
Sixteen samples were selected from the lower portion of the Mt. Hunter core (Table 5.1).  
Because WIOC concentrations at this Arctic site were assumed to be low, ice samples were cut 
with at least 1 kg mass, aiming for carbon contents to be dated with reasonable uncertainty of 
10-20% (> 10 μgC, Uglietti et al., 2016). Samples for WIOC 14C-daing were prepared following 
the protocol described in Uglietti et al. (2016); a brief summary is provided here.  In order to 
remove potential contamination in the outer layer of the ice core, pre-cut samples from the inner 
part of the core were rinsed with ultra-pure water.  After melting, the contained carbonaceous 
particles were filtered onto prebaked quartz fibre filters (Pallflex Tissueqtz-2500QAT-UP). 
These initial steps were performed in a laminar flow box to ensure clean conditions. At the 
University of Bern (Laboratory for the Analysis of Radiocarbon with AMS - LARA laboratory) 
the obtained WIOC samples were then combusted in a thermo-optical OC/EC analyzer 
(Model4L, Sunset Laboratory Inc, USA) equipped with a non-dispersive infrared (NDIR) cell 
to quantify the CO2 produced, using the well-established Swiss 4S protocol for OC/EC 
separation (Zhang et al., 2012). Being coupled to a 200 kV compact accelerator mass 
spectrometer (AMS, mini radiocarbon dating system MICADAS) equipped with a gas ion 




the coupled LARA Sunset-GIS-AMS system [Agrios et al., 2015; Agrios et al., 2017] then 
allowed for final, direct online 14C measurements of the CO2 produced from the WIOC fraction. 
Dating of the deepest sample (Denali 235, mid-depth 169.9 m w.eq, above bedrock) was 
most challenging due to the small ice amount available (~200 gram). To ensure a carbon mass 
above the critical limit of 10 μgC for final 14C analysis, the dissolved organic carbon (DOC) 
fraction - found to be higher in concentration than WIOC in ice cores from the Alps [Legrand 
et al., 2013] - was used for 14C dating of this sample. DOC was extracted from the ice using a 
dedicated system and the procedure is described in detail in Fang et al. (2019). Initial results 
show that the DOC fraction yields similar 14C ages as those derived for the WIOC fraction 
[Fang et al., in prep.].  
All 14C results are expressed as fraction modern (F14C), which is the 14C/12C ratio of the 
sample divided by the same ratio of the modern standard (NIST standard oxalic acid II, SRM 
4990C). Final values presented in Table 5.1 are the AMS F14C raw data after corrections 
accounting for constant contamination and cross contamination in the Sunset-GIS-AMS system 
and the procedural blank contribution introduced by the preparation of ice samples. For details 
please refer to Uglietti et al. (2016) and Fang et al. (2019) regarding WIO14C and DO14C, 
respectively.  To obtain final dates, corrected F14C were calibrated using OxCal v4.3.2 [Ramsey, 
2017] with the IntCal13 calibration curve [Reimer et al., 2013]. The calibrated 14C ages are 




5.3.1 Mt. Hunter ice core 14C data 
  
The WIOC concentrations range from 6 to 31µg/kg with an average of 13 ± 7 µg/kg (Table 5.1).  
This is slightly higher than Greenland snow at summit (4.6 µg/kg , Hagler et al., 2007), but only 
about half of the pre-industrial WIOC concentrations found in European Alpine ice cores, with 
24 ± 9 µg/kg [Legrand et al., 2007] and 32 ± 18 [Jenk et al., 2009] from Colle Gnifetti, Monte 




Table 5.1 14C results of Mt. Hunter ice core samples, given as F14C, calibrated 14C age and modelled 14C. All samples were dated using the 
WIOC fraction, except D235 for which the DOC fraction was analyzed.  
      






Be nr. F14C (1σ) Calibrated 14C age 
(cal BP, 1σ range) 
Calibrated 14C age 
with deposition 
sequence model 
(cal BP, 1σ range) 
Denali164* 115.9 7.0 6.2 10013.1.1 0.910 ± 0.058 305-1255 -- 
Denali183 131.4 10.8 10.1 10015.1.1 0.921 ± 0.042 301-975 695-modern 
Denali209* 151.2 9.2 9.8 10016.1.1 0.826 ± 0.044 989-1927 -- 
Denali210-211 152.3 10.8 20.0 8997.1.1 0.922 ± 0.033 327-925 630-931 
Denali214 155.0 13.7 11.8 10017.1.1 0.831 ± 0.036 983-1735 965-1419 
Denali215-216* 156.2 8.8 12.0 8998.1.1 0.925 ± 0.039 306-926 -- 
Denali217* 157.3 6.7 6.1 10018.1.1 0.731 ± 0.054 1902-3350 -- 
Denali219-220 158.9 12.0 16.8 8615.1.1 0.841 ± 0.026 1010-1555 1245-1714 
Denali223 161.0 21.4 17.3 10019.1.1 0.608 ± 0.029 3926-4967 3160-3483 
Denali224-225 163.1 33.9 17.5 11923.1.1 0.653 ± 0.010 3511-3843 3267-3535 
Denali228* 165.1 8.7 10.0 10020.1.1 0.627 ± 0.043 3415-4863 -- 




Denali231 167.2 11.3 11.5 10021.1.1 0.523 ± 0.037 5320-6655 3840-4250 
Denali232-233 168.2 54.8 30.8 11925.1.1 0.629 ± 0.008 3926-4236 4067-4410 
Denali234* 169.2 9.8 11.7 10022.1.1 0.378 ± 0.043 7745-9890 -- 
Denali235# 169.7 20.7 80.3 (DOC) 12465.1.1 0.437 ± 0.025 7018-7975 7019-7982 
 
*Sample with carbon mass less than 10 µg C. These data are not used in the final depth age scale following the recommendation in Uglietti et al., 
2016. 




with expectations based on previous studies [Legrand et al., 2007], the concentration of DOC 
(80 µg/kg) measured in the deepest sample was significantly higher than all WIOC 
concentrations measured in this core.  
    The calibrated WIO14C ages range from 301-975 years cal BP at 131.4 m w.eq. to 7,745-
9,890 years cal BP at 169.2 m w.eq. (Table 5.1). For each sample, the probability distribution 
over the calibrated age range (1σ and 2σ) is shown in Figure 5.2a. Samples containing less than 
10 µg carbon are generally characterized by a wide age range which is expected due to the small 
carbon amount and the resulting larger analytical uncertainty [Uglietti et al., 2016]. Although 
we used a considerable amount of ice for each sample (~1 kg), the total carbon amount in 6 
samples was still below the 10 µg limit for this 14C dating method (recommended to obtain an 
acceptable dating uncertainty of less than 20%; Uglietti et al., 2016). Therefore, these 6 samples 
were not included in the Mt. Hunter ice core chronology. Around the Mt. Hunter drill site, no 
folding was observed in ground penetrating radar data and the bedrock geometry appears to be 
uncomplicated [Campbell et al., 2013]. Based on this information, final 14C calibration was 
performed using the OxCal deposition sequence model (Figure 5.2b, samples > 10 µgC) which 
is valid for archives where increasing age with increasing depth can be assumed [Ramsey, 2008; 
Ramsey, 2017].  The sequence model has poor agreement with samples between 161 – 167 m 
w.eq. depth (A < 60, see Figure 5.2b), which may challenge the validity of this assumption or 
the reliability of analyses for these samples unless this observation can be explained by some 
other glaciological or climatological reason. Considering the radar images (and the rather 
unlikely case of ice undulations more than 10 meters above bedrock), we believe the underlying 
assumption justifying application of the sequence model to be reasonable, and will discuss a 
possible explanation for almost indistinguishable ages over the aforementioned depth interval 
further below (see section 5.4.2). Aiming to derive a first continuous age-depth relationship for 
the entire length of the Mt. Hunter ice core, calibrated 14C ages as derived from the deposition 
sequence model will be used.  
The following three main results can be summarized: (i) the derived radiocarbon dated ages 
are in reasonable agreement with independently derived ages from the annual layer counting 
reported in Winski et al. (2017). For sample Denali184 from a depth of 131.4 m w.e., the 1σ 
age range from 695 years cal BP to modern (mean age about 410 years before 2013) is in very 




depth. The 1σ 14C age range for Denali210-211 (152.3 m w.eq.) is 630-931 years cal BP (850 
±150 before 2013) and slightly younger compared to the annual layer counting age of 1170 ± 
40 years before 2013 but still within the 2σ dating uncertainty. (ii) Samples of indistinguishable 
ages with regard to the achieved dating uncertainty were observed in the depth interval from 
161 – 167 m w.e., resulting in a bad agreement for the applied 14C calibration sequence model 
(Denali223, Denali224-225, Denali229-230, Denali231). In terms of age, this interval 
corresponds to the time period from around 4000 to 3000 years BP. (iii) The 14C dating of the 
lowest two samples in the Mt. Hunter ice core, Denali234 (169.2 m w.eq. depth, less than 10 
μg of carbon) and Denali235 (169.9 m w.eq, last sample before bedrock), revealed ages from 
the early Holocene with 7745-9890 years cal BP and 7018-7975 years cal BP, respectively. 
Figure 5.2 Calibrated 14C age probability 
distributions using OxCal v4.3.2 (Bronk 
Ramsey 2017, Reimer et al., 2013). 
 
 (a) The Samples with carbon content for 
AMS analysis being > 10 µg are shaded in 
green (gray for < 10 μg). The 1σ and 2σ 
range is indicated by the lines below the 




(b) Calibrated 14C age probability 
distributions with deposition sequence 
model (samples >10 µgC). The dark shade 
areas show the newly resulting calibrated 
age probabilities and light green areas 
same as in (a). The agreement between 
two age distributions given on the plot 







5.3.2 Age scale modeling 
 
Modeling the age scale in alpine ice cores can be attempted either by applying a rather simple 
glaciological 2D flow model  (e.g. Nye, 1963; Dansgaard and Johnsen, 1969) or by more 
complex 3D glaciological models which require observational data from glaciological surveys 
(e.g. Campbell et al., 2013; Licciulli et al., 2020). In the context of age scale modeling, even 
complex 3D models are strongly limited in predicting accurate ice ages in the deepest part of 
ice cores from alpine glaciers [Licciulli et al., 2020]. This is most directly related to unknown 
past accumulation (deposition) rates and their variation in time. Without this information, a 
constant accumulation rate based on recent observational data has to be assumed for the entire 
record.  For this reason, the availability of absolutely dated horizons is crucial, especially for 
the oldest, near-bedrock ice sections where ice flow becomes potentially complex. Such dated 
horizons indirectly contain information of past accumulation rates by the depth they are located 
at. They thus do not only allow testing of a model (e.g. Dansgaard and Johnsen, 1969) but can 
also provide a crucial improvement of the model dating accuracy when fitted to match these 
time markers (e.g. Jenk et al., 2009, Uglietti et al., 2016).  
In the case of the Mt. Hunter ice core, accurate dating by annual layer counting supported 
with independent time horizons for the upper two thirds of the core and absolute dated horizons 
for the bottom section of the core (14C dates) are available. Further, an existing 3D model 
developed for this site [Campbell et al., 2013] was used in combination with the annual layer 
counting to reconstruct a significant increase in accumulation rates since ~1850 CE [Winski et 
al., 2017]. The use of a simple 2D model, the so-called two parameter model (2p-model; 
Thompson et al., 1989) which has previously been applied in combination with 14C ages to 
establish the chronologies of a variety of high-alpine ice cores [Jenk et al., 2009; Uglietti et al., 
2016], will not result in a good age fit for the entire Mt. Hunter record given the constant 
accumulation assumption. Regardless, applying the same procedure, a fixed glacier thickness 
of 170.1 m w.eq. and in this case constraining the 2p-model with the calibrated 14C ages only, 
shows that even under these circumstances this approach is capable of providing reasonable 
results, similar to the layer counted ages considering the uncertainty. However, model 
uncertainties at the respective depths exceed the uncertainty of the calibrated 14C ages by about 




an adjusted R2 of 0.95, results with a reasonable annual average accumulation of 1.00 ± 0.34 m 
w.e. close to the average value derived by Winski et al. (2017) for the period 800 to 2013 CE  
(ranging from 0.3 to 1.5 m w.eq).  The model produces a bad match with ALC in the 
upper/younger part where accumulation is known to have changed, i.e. increased significantly. 
In summary, this first attempt indicates that while the approach using a single 2p model to 
derive a continuous age scale for this specific core is clearly limited it still produces reasonable 
results, although coming along with rather high uncertainties.  
With the 14C dating independently supporting the accuracy of the annual layer counting 
performed down to a depth of 152 m w. eq. we used this dating as an anchor to derive a final, 
best possible continuous age scale over the entire ice core in the next step. Therefore, while 
keeping the input to the 2p-model as before, the annual average accumulation rate was tuned to 
derive a smooth transition from the ALC to the modeled age allowing combination of these two 
(Figure 5.3). This was achieved for an average annual accumulation rate of 0.58 m w.e. while 
only slightly reducing the goodness of the fit to the 14C dates (adjusted R2 = 0.94) and not 
affecting the derived age for the ice close to bedrock and older than around 3000 years (see 
Supplemental Material, Figure S5.1). The value of 0.58 m w.eq. is reasonable, being right in 
the middle of the range (0.2-0.7 m w.eq) previously derived for the period before 1400 CE, the 
period prior to significant accumulation change [Winski et al., 2017]. The dating uncertainty of 
the so derived continuous age-depth scale is as reported in Winski et al. (2017) for the upper 
section based on the ALC (0-152 m w.eq.) and estimated based on the 95% confidence band 
for the section dated by the 2p model. Below the transition from ALC to 2p-model, the size of 
the uncertainty is a 100-year linear increase from the ALC uncertainty to match the 2p model 
uncertainty. We note that this final age-depth relationship yields a bad fit through the calibrated 
14C points between around 4000 -3000 years BP previously discussed in section 3.1 (161 to 167 
m w.eq). As will be discussed in section 4.1, we believe the ages being indistinguishable with 
the achieved analytical precision over this section to be a real signal. Therefore, the age scale 
presented here is likely to undergo revision with substantial adjustments to younger ages 
between around 3000 to 2000 years BP on the order of a few hundred years. To improve the 
dating accuracy of this section, we suggest future efforts to obtain independent evidence from 
volcanic tephra and additional 14C dating of the two core segments covering this depth interval 





Figure 5.3 The depth-age relationship of the Mt. Hunter core. The black line is the annual layer 
counting with uncertainty and the green dots for the modelled calibrated mean 14C ages with 1σ 
range. The green line represents the 2p-model fit with the upper and lower 95% of confidence 
interval. The grey shaded bar between the 3500 to 3900 years indicates the strong increase in 




5.4.1 Implications for North Pacific/Arctic ice core chronologies 
 
The 14C dating of two samples from the very bottom part of the Mt. Hunter ice core, Denali234 
(169.2 m w.e. depth, less than 10 μg of carbon) and Denali235 (last sample reaching down to 
bedrock), reveal ages from the early Holocene with 7745-9890 cal BP and 7018-7975 cal BP, 
respectively. These results clearly indicate the bottom age of Mt. Hunter is > 8 Kyr BP and Mt. 




integrated mean age over the bottom. This is the first application of 14C analysis on an Arctic 
ice core. While advances in the WIOC 14C technique have allowed radiocarbon dating of 
various high-alpine ice cores from low- and mid-latitudes, the technique has not to be applied 
in Arctic settings before because of the generally lower carbon content in Arctic ice.   The 
WIOC concentration from Mt. Hunter core is lower than in ice cores from the Alps. 
Nevertheless, most of the samples could be dated with 14C using a reasonable ice amount. In 
addition, with the help of the new technique of DOC extraction, we could decrease the required 
ice amount to reach the 10 μg carbon criteria. This study shows the great potential for 14C dating 
on low carbon content samples from North Pacific/ Arctic ice cores.  
The existing cores from North Pacific region were dated only within the last millennium 
except for the Mt. Hunter and Mt. Logan PRCol cores (Figure 5.1).  A 186 m long core was 
drilled to the bedrock at the summit plateau of Mt. Logan (60.59 oN, 140.50 oW; 5340 m asl.) 
in 2001 and 2002. Although there is no tie point constraining in the deep part of PRCol core 
from Mt. Logan, the ice flow model simulation suggested the bottom age of PRCol core is about 
20 Kyr BP [Fisher et al., 2008]. Most of the cores extracted from Eastern Beringia region have 
short time spans of a few centuries. A 152 m ice core was drilled from the McCall Glacier 
(69.29 oN, 143.78 oW; ~2310 m asl.) in 2008. The core was dated by using a combination of 
annual layer counting and specific horizons. The upper 37 m of ice date back to 65 years and 
the full 152 m core dates approximately back over 200 years [Klein et al., 2016]. The Aurora 
Peak ice core (63.52 oN, 146.54 oW; 2825 m asl.) is located at southeast of Mt. Hayes and was 
drilled in 2008. The total ice thickness at the drilling site is 252 ± 10 m, but this core (180.17 
m) did not reach the bed rock. By annual layer counting, the estimated bottom age of Aurora 
Peak core is about 274 years [Tsushima et al., 2015].  Two cores were collected at Eclipse 
Icefield (60.51 oN, 139.47 oW; 3107 m asl.) in 2002. The chronology of the Eclipse ice core is 
based on multi-parameter annual layer counting of seasonal oscillations in the stable isotope 
(δ18O) and major ion records (Na+) and volcanic eruptions. The longest core (core 2, 345 m) 
covers the period 1000 to 2002 [Yalcin et al., 2007]. In 2004, a 216 m ice core were drilled 
from Mt. Wrangell (62.00 oN, 144.00 oW; 4100 m asl.). The ice depth in the summit caldera is 
probably over 900 m, but the definite bottom has not yet been detected [Benson et al., 2007]. 
No time scale is available from literature for this core. The record from Mt. Waddington (51.38 




length of Mt. Waddington core is 141 m, but the total ice thickness at the drilling site is about 
250 m.  
In summary, all of the above described cores from the Eastern Beringia region were either 
not drilled to bedrock or the ice close to the bed was not dated using an absolute dating method. 
The large difference between the age of the oldest ice found in these cores is thus likely not an 
indication of a difference in the time of oldest ice at these sites. With the first application of 14C 
analysis on a high-latitude Northern Hemisphere ice core presented here, a complete dating of 
the bedrock reaching Mt. Hunter ice core was achieved. The successful first absolute dating of 
bottom ice from this region clearly indicates that the glaciers from the North Pacific region can 
be of early Holocene or potentially even late glacial origin, highlighting the great potential of 
14C dating on low carbon content samples from North Pacific/Arctic ice cores. 
 
5.4.2 Holocene ice extent and hydroclimate in Central Alaska   
 
The 14C dating of two samples from the very bottom part of the Mt. Hunter ice core, Denali234 
(169.2 m w.eq. depth, less than 10 μg of carbon) and Denali235 (last sample reaching down to 
bedrock), reveal ages from the early Holocene with 7745-9890 years cal BP and 7018-7975 
years cal BP, respectively. These results clearly indicate the bottom age of Mt. Hunter to be 
older than 8 kyr BP and the Mt. Hunter glacier to be of at least early Holocene origin. These 
results also allow the first continuous depth age scale over the entire Mt. Hunter ice core by 
combining the independent dating based on annual layer counting and a glaciological 2D flow 
model fit through the absolutely dated horizons by 14C analysis from ice-incorporated 
carbonaceous aerosols, and an estimate of ice age near bedrock likely >8000 years (Fig. 3).  
This preserved old ice in the bottom of Mt. Hunter core confirms that at least some ice from 
central Alaska Range glaciers survived during the Holocene thermal maximum. We also 
observe a small increase in 14C ages between the depth 161.0 m w.eq. to 167.2 m w.eq. dated 
to the period 4 kyr to 3 kyr BP. This very slow increase in age with depth could be explained 
by a significant increase in annual accumulation rates over this period reflecting a real, natural 
signal preserved in the Mt. Hunter ice core record.  Supporting evidence for such a mid-
Holocene hydroclimate change in the North Pacific may come from previous research in the 




lasting from around 3.5 to 2.5 kyr BP in the Yukon Territory Denton and Karlén, 1977; 
Anderson et al., 2005.  Past tree lines provide evidence for significant glacier extension in the 
St. Elias Mountains over the period 3.6-3.0 kyr BP Denton and Karlén, 1977.  While a mid-
Holocene temperature decrease may have played a role, an increase in regional precipitation 
could also be responsible for glacier expansion.  Based on pollen reconstructions, Heusser et al. 
(1985) found that Southern Alaskan mean annual precipitation may have almost doubled from 
around 3.9 to 3.5 kyr BP.  The Mt. Hunter results presented here may provide corroborating 
evidence for a mid-Holocene hydroclimate shift, however appling other independent dating 
methods in the parallel remaining ice sections from this depth interval will help to better 
constrain and improve the time scale presented in Section 3.2.  Therefore, to improve the dating 
accuracy of this section, future efforts will target independent evidence from volcanic tephra 
and additional 14C dating of the two core segments covering the according depth interval 




Although the WIOC 14C technique has allowed radiocarbon dating of various high-alpine ice 
cores from low- and mid-latitudes, this technique has not been applied before in high latitude 
ice cores because of the generally lower carbon content. The 14C results from Mt. Hunter ice 
core are the first from a subarctic ice core and were achieved by increasing the amount of ice 
(>1 kg) to obtain the required carbon mass and by using a new technique based on the dissolved 
organic carbon fraction in ice for 14C analysis. Combining dating by annual layer counting, 
previously established to a depth of 190 m (150 m w.eq., 1170 ± 40 years) where the signal 
becomes ambiguous, and the new 14C dated horizons, a complete continuous chronology over 
the entire core was established. For the overlapping sections, ages based on annual layer 
counting are confirmed by the agreement with the independent results from 14C dating. 14C 
dating of two samples just above bedrock at 208 m depth yielded the first results of absolutely 
dated ages of near bedrock ice in the region (Denali234, 207.6-208.3 m, 168.9-169.6 m w.eq.; 
Denali235, 208.3-208.7 m, 169.6-170.1 m w.eq.). Dated to ~8 kyrs BP, they indicate the very 
bottom ice to be of early Holocene or even late glacial origin. The Mt. Hunter ice core has 




over the last few centuries. Samples of nearly indistinguishable ages with regard to the achieved 
dating precision were observed in the depth interval from 198.7 – 205.6 m (161 – 167 m w.eq.), 
dated to the time period from around 4000 to 3000 years BP. We believe this to be explained 
by similarly significant changes in accumulation rates during the period of regional 
Neoglaciation matching in its timing with the ages derived. Such significant changes in 
accumulation, highlight the limitation of age-depth modeling with glaciological flow models. 
In the absence of absolute dated horizons, the accumulation rate needs to be assumed and kept 
constant. With regard to the analytical 14C dating uncertainty and in the absence of further proof 
for an accumulation change in this earlier period, the modeling approach to derive the presented 
first continuous Mt. Hunter ice core chronology did also not consider changing accumulation 
in the older part of the record. Investigation of tephra particles from well-known volcanic 
eruption events archived in the Mt. Hunter ice core, with their most likely location now being 
reasonably constrained by the current dating, will help to further constrain and improve the here 
presented time scale in the future. Our results show the applicability and great potential of 14C 
dating on low carbon content samples from North Pacific/Arctic ice cores. While they indicate 
the Mt. Hunter ice core to currently be one of the few existing archives in the North Pacific 
region providing an opportunity to reconstruct Holocene hydroclimate variability, we do expect 
that similar or even longer paleo ice core records can be recovered from central Alaska glaciers 
where bedrock is reached. 
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Figure S5.1. 2p-model fit constrained with 14C dates only and 95% confidence band (blue line 
and shading). The black line indicates the annual layer counting together with previously 
reported time horizons. The green dashed line shows the 2p-model fit to the 14C dates with a 
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The impact of aerosol particles on the Earth’s radiation balance remains poorly constrained, 
leading to considerable uncertainties in predicting the climate sensitivity to greenhouse gases. 
A large part of these uncertainties is related to the deficient knowledge of the magnitude of pre-
industrial emissions, particularly for carbonaceous compounds forming a major fraction of the 
atmospheric aerosol. Here we present a 340-year concentration record of water insoluble 
organic carbon (WIOC), water soluble organic carbon (WSOC), and elemental carbon (EC) 
separated into fossil and non-fossil contribution using the 14C content from Fiescherhorn ice 
core (Swiss Alps). Total carbonaceous aerosol concentration (sum of WIOC, WSOC and EC) 
were a factor of three higher at the end of 20th century compared to pre-industrial background. 
Radiocarbon based source apportionment shows that fossil fuel combustion contributed up to 
~32% of enrichment. EC has highest values in the first half of the 20th century, to a large extend 
caused by fossil fuel emissions. In contrast, OC (WIOC and WSOC) shows a strong increasing 
trend between 1940 and 1980, mostly of non-fossil origin, which is not reflected in the potential 
source region emission estimates of OC with a mismatch of up to one magnitude in the second 
half of the 20th century. We attribute this trend primarily to enhancement of SOA formation 
caused by the presence of anthropogenic precursor gases or by the increase of the atmospheric 
oxidative capacity. Thus, bottom-up emission inventories seem to heavily underestimate the 
atmospheric OC loading by not accounting adequately for SOA formation, limiting the capacity 







Carbonaceous particles which comprise organic carbon (OC) and elemental carbon (EC; 
depending on the analytical technique applied also referred to as black carbon, BC) are of 
increasing interest globally because they are a major contributor to the overall aerosol mass and 
thus have an impact on the radiative balance of the Earth via direct and indirect effects [Pöschl, 
2005]. However, the magnitude of the atmospheric aerosol effect on climate is still uncertain, 
largely due to the lack of knowledge about the pre-industrial aerosol loading. The global mean 
cloud albedo of the pristine pre-industrial atmosphere may had been very sensitive to changes 
in natural emissions, with strong implications for the estimation of anthropogenic aerosol 
forcing [Carslaw et al., 2013]. An accurate estimation of climate forcing from carbonaceous 
aerosols requires good knowledge of historical, fraction resolved emissions. One of the most 
promising approaches to constrain the pre-industrial aerosol burden is to obtain records from 
ice cores. They do exist for major aerosol fractions such as sulphate, nitrate, ammonium, sea 
salt, mineral dust and black carbon, but pre-industrial records of organic aerosols are very rare 
[Legrand et al., 2007; Thevenon et al., 2009; May et al., 2013; Ruppel et al., 2014]. Organic 
aerosols attracted attention recently, since it was shown that new particle formation can alone 
be driven by the oxidation of biogenic volatile organic compounds (BVOCs), while it was 
previously thought that gas-phase sulfuric acid needs to be involved [Kirkby et al., 2016]. EC 
exclusively originates from fossil-fuel combustion and biomass burning, while OC sources are 
complex. OC can be emitted directly as primary organic aerosol (POA) from biogenic sources, 
biomass burning and fossil-fuel combustion or can be formed in the atmosphere as secondary 
organic aerosol (SOA)[Pöschl, 2005]. Recent studies suggest that SOA formation rates are not 
adequately constrained in current models limiting accurate simulation of their climate effect 
[Hodzic et al., 2016 Shilling et al., 2013].  
Radiocarbon analysis (14C) is a powerful tool for unambiguous distinction between 
biogenic (non-fossil) and fossil sources of carbonaceous particles since biogenic carbon is of 
contemporary origin and therefore contains 14C of a known level, whereas fossil carbon is 
extinct in 14C due to its half-life of 5730 years [Currie, 2000; Zhang et al., 2015]. 14C-based 
source apportionment has been applied for ambient aerosols in many locations including 




2015]. It was found that fossil-fuel combustion is the dominant EC source, while non-fossil 
sources (e.g. biomass burning and biogenic SOA) are important contributors to OC even in 
polluted areas such as the Los Angeles Basin [Zotter et al., 2014], Beijing[ Zhang et al., 2015] 
and Mexico City [Hodzic et al., 2010]. Long-term records of fossil and non-fossil contributions 
to OC and EC are largely lacking since ambient samples are at most available for the last several 
decades and 14C measurements in OC and EC extracted from environmental archives such as 
ice cores are very challenging due to low concentration levels. Nevertheless, they would be 
fundamental to constrain source contributions, emission estimates, and the effect of 
atmospheric aerosols on global and/or regional climate; a prerequisite for a reasonable 
implementation of air pollution and climate mitigation measures.  
High-altitude glaciers offer the possibility to derive information on past changes in 
emission sources, atmospheric loading and composition of aerosols due to their proximity to 
major source areas, and are therefore well-suited to overcome the lack of long-term data. Here 
we present the first complete ice core concentration record of the different bulk carbonaceous 
particle fractions WIOC, WSOC, and EC, along with their fossil and non-fossil contributions 
covering the preindustrial time to the present, which was obtained from the Fiescherhorn glacier 
in the Swiss Alps.  
6.2 Results and Discussion 
 
6.2.1 Temporal trends in concentration of carbonaceous aerosols 
 
Combining our previously published WIOC and EC concentrations from the older part of the 
core (1660-1939) with our new data including WSOC concentrations, a complete record for the 
period 1660 to 2002 is obtained (1660-1990 for WSOC, Figure 6.1). For the period 1940-2002 
mean WSOC, WIOC and EC concentrations of 132±58 µg/kg, 90±40 µg/kg and 20±10 µg/kg 
were observed, respectively. They are overall consistent with values from other European ice 
cores such as from Col du Dôme, Mt Blanc, France (WSOC 147 µg/kg for 1971-1988; WIOC: 
25-50 µg/kg, EC: 7–16 µg/kg for 1940–1990, Legrand et al., 2007) and Colle Gnifetti, 
Switzerland (EC: ~20 µg/kg for 1950–1980, Thevenon et al., 2009). Further, the temporal 
variation in the EC record is in very good agreement with a more recent BC record from Colle 




fraction accounting for 45-67% of TC, comparable with atmospheric observations at alpine 
high elevation [Pio et al., 2007]. The total carbonaceous particle concentration (TC: the sum of 
EC, WIOC, and WSOC) increased by factor of 3 at the end of 20th century compared to the pre-
industrial level (1680-1850). Our results point to a relatively strong steady increase in WSOC 
and WIOC from 1940 to 2000. This confirms the OC increase trend in the Alps by 20th century 
[Legrand et al., 2007; May et al., 2013]. Historical trend of biogenic SOA tracers in ice core 
from Kamchatka Peninsula showed a high level of SOA tracers in the pre-industrial period 
(1700-1800) probably due to change in atmospheric circulation, emission and oxidative 
capacity [Fu et al., 2016].  However, the carbonaceous aerosol record from Alpine ice cores 
could not confirm the high pre-industrial OC loading. 
 
Figure 6.1 Fiescherhorn ice core concentration record of a) Total carbonaceous particles (TC) 
b) elemental carbon (EC), c) water insoluble organic carbon (WIOC) and d) water soluble 
organic carbon (WSOC) covering the period 1660–2002. Results from individual measurement 




in 10 to 20-year resolution. TC is the sum of WSOC, EC and WIOC (where missing, EC values 
were interpolated) over the period of 1680-1990. 
14C-based source apportionment suggests fossil fuel combustion accounts for about 35% 
of the TC enhancement compared to the pre-industrial background (average before 1850s, 
Figure 6.2). The non-fossil TC trend is mainly driven by non-fossil WSOC (WSOCb), but non-
fossil WIOC (WIOCb) became more significant after 1940s. The WSOC concentration has 
increased strongly since 1940s due to both, fossil and biogenic input (Figure S6.5). This trend 
since 1940s is consistent with the DOC record from Col du Dôme [May et al., 2013]. However, 
different to their conclusion that the fossil fuel contribution remained constant, our data indicate 
fossil fuel derived fraction of WSOC (WSOCf) steadily increased up to 33% at the end of 20th 
century. Thus, emissions from fossil fuel use have significantly changed the WSOC 
composition (Figure 6.2 and Figure S6.5). In contrast, the strong increasing trend of WIOC 
between 1940 and 1980 is mostly of non-fossil origin (Figure S6.4). In the year 2002, 93± 6% 
of WIOC was non-fossil, which is comparable to the mean value of 84±5% for WIOC extracted 
from precipitation samples at a suburban site in Switzerland in the period April 2012 to March 
2013 [Zhang et al., 2015] and to the 5-year mean of 78±8% non-fossil contribution to total OC 
of PM10 (particulate matter with a diameter smaller than 10 µm) samples collected at various 
locations north of the Alps during winter-smog episodes from 2008 to 2012 [Zotter et al., 2014].  
The EC peak in the first half of the 20th century is largely due to fossil sources, presumably hard 
coal burning (Figure 6.1 and Figure S6.3). From 1950s on the EC fossil contribution decreased 
steadily, reflecting the effect of emission reductions due to the replacement of coal with liquid 
fuel in the 1960s, improved combustion technology and other air pollution control measures 
since the 1970s. Although petroleum consumption simultaneously increased significantly 
[Kander et al., 2008], the related emission factors are much lower compared to coal combustion 
[Bond et al., 2004; Pio et al., 2011]. Non-fossil EC contributes on average around 40% and 
does not show a long-term trend, suggesting that emissions from biomass-burning sources 
including both, natural forest fires and anthropogenic emissions from the combustion of 
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Figure 6.2 14C-based source apportionment of carbonaceous aerosol records. Pre-industrial 
averaged over two period, 1680-1800 and 1800-1850. After 1850, 10 years averaged. 
 
6.2.2 Constraints on BC emissions 
  
To investigate the potential emission source of carbonaceous particles in the Fiescherhorn ice 
core, we used the atmospheric transport and deposition model FLEXPART (detail see the 
Methods).  The resulting footprint indicates that central Europe including Switzerland, eastern 
France, northern Italy and southern Germany is the main potential source region (Figure S6.2). 
Atmospheric loading of BC, organic carbon (OC) and non-methane volatile organic compound 
(NMVOC) at the ice core site were estimated based on the footprint and regional emission 
inventories for the period 1850-2000 [Bond et al., 2007; Lamarque et al., 2010]. Ice core derived 
10-years average EC concentrations and atmospheric BC concentrations from the major sources 




Correlation = 0.83, p < 0.01, n = 15, Figure S6.6) and the resulting mean volume based 
scavenging ratio ωv of 0.06x106 is in the range of reported values, 0.02-0.18 x106 [Cerqueira et 
al., 2010]. Whereas the timing of the concentration increase after 1850 is similar for ice core 
EC and estimated atmospheric BC concentrations, (Figure 6.3), the downward trend in our ice 
core record started already after 1920 compared to 1940 in atmospheric BC. An analogous 
disagreement of the onset  BC decline trend also was reported from another eastern European 
ice core BC record from Mt. Elbrus [Lim et al., 2017]. This mismatch between ice core 
observations and emission estimates is in contrast to the finding that sulphate concentration 
trends in Alpine ice cores agree well with the corresponding deposition trends simulated with 
atmospheric chemical transport models using emission estimates as input parameters [Fagerli 
et al., 2007; Engardt et al., 2017]. Therefore, we are confident that Alpine ice cores reliably 
preserve the EC emission history and that the above discussed discrepancy is related to 
uncertainties in BC emission estimates. Thus, we propose to use ice-core based EC records to 


















































































































































Figure 6.3 Comparison between the EC concentration in ice core and atmospheric BC load in 




 For the major contributor to BC, i.e. domestic emissions (Figure S6.2), the amount 
originating from fossil and non-fossil sources is not known. Based on the good agreement 
between  values of atmospheric BC concentrations from domestic emissions (BCdom) and ice 
core ECf (Figure 6.3 and Figure S6.2) we deduce that fossil fuel was the main the household 
energy source in Central Europe for the period of 1870-1950. After 1950, BCdom shows a strong 
downward trend, which is compensated for by other anthropogenic fossil BC emissions (Figure 
6.3, BCf: air, ene, ind, shp, tra and slv). In contrast, the non-fossil contributions to BC from 
agriculture, grassfire and forest fire (BCnf) were stable over time (Figure 6.3 and Figure S6.2). 
This is consistent with the ice core ECnf concentration, except that ECnf concentrations were 
constantly higher than the estimated BCnf, since they also include non-fossil domestic 
emissions. Accordingly, we define the difference between ECnf and BCnf as non-fossil fraction 
of BCdom.  The fossil contribution of BCdom was low before 1850 (~ 35%), increased to more 
than 90% during 1890-1920 (Figure S6.7),  after which it  declined steadily. Finally, at the end 
of 20th century domestic emissions were dominated by non-fossil sources. 
Non-fossil EC contributed on average around 37% of total EC and the ECnf concentration 
does not show a long-term trend as mentioned above, suggesting that emissions from biomass-
burning sources including both, natural forest fires and anthropogenic emissions from the 
combustion of biogenic materials, have not changed over the investigated period. Out data also 
suggests that domestic heating was the major source of ECnf, whereas natural fires played a 
negligible role. 
 
6.2.3 Sources of enhanced non-fossil OC in late 20th century  
 
Whereas our results of EC are overall in reasonable agreement with simulated BC 
concentrations, we find a striking mismatch between the ice core OC concentrations (sum of 
WSOC and WIOC) and the modelled concentrations of primary OC (Figure 6.4). Ice core OC 
concentrations steadily increased from 1940 to 2000, but modelled primary OC does not show 
a trend until around 1960 and a decline thereafter (Figure S6.2). While the ice core records 
anthropogenic and biogenic POA and SOA, biogenic POA emissions and secondary aerosol 
formation from both anthropogenic and biogenic precursors are not considered in the 




fossil (i.e. biogenic) origin. The fossil OC fraction increased as well, which can be explained 
by anthropogenic POA emissions and SOA formed from fossil NMVOC emissons as indicated 
by the similar trends (Figure 6.4). Discussed point-by-point in the following, possible sources 
for elevated non-fossil OC concentrations can be summarized by 1) changes in biogenic POA 
and BVOCs emissions, 2) the enhancement of biogenic SOA formation due to increased 
anthropogenic emissions of NOx and SO2 involved in relevant formation reaction mechanisms, 
3) an increase in biogenic SOA formation related to anthropogenically induced changes of the 
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Figure 6.4 Comparison between the OC (sum of WIOC and WSOC) concentration in ice core 
and primary OC and NMVOC load in 10-year resolution. We redistribute the domestic 





1) Wildfires can emit both biogenic POA and BVOCS as SOA precursors. Since ECnf 
concentrations did not show a trend over the considered time period, wildfires can be exluded 
as source for the recent increase in ice core OC concentrations. The recent increase in 
temperature might have influenced biological acitivity and pollen production. Ice core pollen 
concentrations are available from Colle Gnifetti glacier, about 70 km south of Fiescherhorn 
glacier [S. Brugger et al., in preparation]. The estimated pollen carbon mass accounts for 25 ± 
11% of the non-fossil OC concentration and explains the observed WIOCnf concentrations 
before 1940 (Figure 6.4). Pollen concentrations peaked in the 1960s and slightly declined 
afterwards to a a level at the end of the century 1990-2000 about 45.7% higher than the pre-
industrial value. This is comparable with Switzerland total forest area change, which increased 
50% in 2000 compared to 1850 [Loran et al., 2016]. This indicates that primary biogenic OC 
emission from vegetation and biomass burning was the main source of WIOCnf before 1940, 
but after that other sources became more important. Overall BPOA accounted for about 4 % of 
OC increase after 1960.  
Modelling studies showed that on a global scale SOA precursors are dominated by 
BVOCs [Hallquist et al., 2009] and their emissions are expected to increase in response to 
warming [Paasonen et al., 2013]. Land-use has changed significantly in Europe over the last 
century with an enormous intensification of agriculture, often associated with deforestation and 
urbanization. Globally, modelling studies suggest that land-use changes have decreased 
isoprene (i.e., one of most important precursors of biogenic derived SOA) emissions by about 
20% [Lathière et al., 2010; Unger, 2013]. In contrast to the global trend, emissions of BVOCs 
in Europe have increased significantly in summer between 1920–1950 and 1970–1990 [Acosta 
Navarro et al., 2014]. For example in the Alpine region, isoprene, monoterpene, and 
sesquiterpene emissions grew 10–40%, 10–20%, and 10–30%, respectively, during this period 
[Acosta Navarro et al., 2014]. If we assume the SOA formation rate constant over time, the 
increase in BVOCs could induce about 10-40% increase of pre-industrial OCnf.  This can 
explain 3-12 % of the increase in the non-fossil OC concentration. 
 
2) Many studies provide evidence that anthropogenic emissions of precursor gases such as of 
NOx, SO2, and VOCs can lead to an enhancement in biogenic-derived SOA formation [Hoyle 
et al., 2011; Fuzzi et al., 2015]. Hoyle et al. (2011) attribute the enhancement of biogenic SOA 




the aerosol phase due to the presence of anthropogenic aerosol mass. SOA yields might also be 
affected by the presence of NOx [Shilling et al., 2013]. Rollins et al. (2012) found evidence for 
NOx control over nighttime SOA in ambient atmospheric organic aerosol due to the nitrate 
radical product of anthropogenic NOx emissions. Also, organics were shown to contribute 
together with sulfuric acid to new particle formation and growth [Hoyle et al., 2011; Ehn et al., 
2014; Riccobono et al., 2014]. Shilling et al. (2013) found evidence that anthropogenic and 
biogenic emissions interact to enhance organic aerosol production from biogenic species, with 
an enhancement factor of 2–4 when biogenic and anthropogenic emissions mix during 
summertime in the Sacramento region (USA). A best estimate is that 50–70% of the total 
organic aerosol budget may be composed of SOA produced from BVOCs, but at the same time 
is controlled by anthropogenic emissions [Carlton et al., 2010; Spracklen et al., 2011]. Using a 
global model, Lin et al. suggested that anthropogenic emissions in present days have 
substantially increased the SOA formation rate by 29 Tg/yr (93%) since pre-industrial times 
[Lin et al., 2014]. In Europe anthropogenic emissions of SO2 and NOx increased strongly after 
1950 as shown in Figure 6.5, which has also been demonstrated by direct atmospheric 
measurements, atmospheric chemical transport models, and other ice core observations, (e.g. 
Legrand et al., 2013). SO2 emissions were reduced by air pollution control measures introduced 
in the 1970s, whereas NOx emissions remained high far into the 1990s. The good correlation 
(p<0.01, r(90) = 0.83) between the temporal concentration trends of nitrate and non-fossil OC 
in the FH ice core suggests that these processes indeed have played an important role. Thus, the 
enhancement of SOA formation may well explain the observed increase in OC starting around 
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Figure 6.5 Concentration records of different aerosol constituents from Fiescherhorn ice core 
averaged for the indicated pre-industrial (1680-1800 and 1800-1850) and 10 year average for 
industrial time periods in µg/kg. 
 
3) Measurements in the Northern Hemisphere indicate that surface ozone concentrations 
approximately doubled over the last century [Isaksen et al., 2009; Cooper et al., 2014], whereas 
a global modelling study predicted concentrations in Europe reaching 70 ppbv in July under 
present-day conditions, which is a factor of three higher than in pre-industrial times [Liao and 
Seinfeld, 2005]. The increase in oxidative capacity may have enhanced the formation of 
biogenic SOA through the oxidation of BVOCs. Also this mechanism may have contributed to 




In summary, this first pre-industrial to industrial ice record of carbonaceous aerosol 
concentrations indicated that fossil and non-fossil concentrations of different carbonaceous 
aerosol fractions show characteristic differences in their temporal variation. This demonstrates 
that the separation into the fossil and non-fossil component is crucial for a quantitative 
reconstruction of OC and EC emissions. The EC record shows a maximum in concentrations at 
the beginning of the 20th century, largely related to fossil fuel emissions, whereas biomass 
burning sources contributed generally less than 37% without significant temporal variation. The 
EC concentration level remained virtually constant between 1950 and 2002, challenging the 
strong decline of estimated BC emissions after 1970. The most prominent feature of the OC 
record is a significant increasing trend starting around 1940. The dominant fraction of OC is of 
non-fossil (i.e. biogenic) origin, in agreement with recent modelling studies showing that 
globally, SOA is mostly biogenic [Hoyle et al., 2011; Hodzic et al., 2016]. We attribute the 
observed trend primarily to enhancement of SOA formation caused by the presence of 
anthropogenic precursor gases such as NOx, SO2, and VOCs or by the increase of the 
atmospheric oxidative capacity. Higher emissions of biogenic POA and VOCs due increased 
biological activitty, land-use changes and intensification of agriculture contributed likely less 
than 50%.  The strong OC trend is not reflected in the respective emission estimates of OC. 
Thus, bottom-up emission inventories seem to heavily underestimate the atmospheric OC 
loading by not accounting adequately for SOA formation, limiting the capacity of current 
models in estimating anthropogenic aerosol forcing. For better constraining emission estimates, 




6.3.1 Sample selection 
 
Samples analyzed in this study originate from a 150.5 m ice core drilled at the Fiescherhorn 
glacier (FH, 46°33’3.2’’N, 08°04’0.4’’E; 3900 m asl.) in December 2002 [Jenk et al., 2006]. 
During ice core drilling, the obtained core sections (0.7 m long, 8 cm in diameter) were handled 
wearing gloves at all times. They were packed right after extraction into polyethylene tubes to 




Institute for storage at -20°C. The core covers the time period from 1660-2002. Subsampling 
and analysis of the ice core was already conducted in a previous study and the dating of the 
core is described in detail therein [Jenk et al., 2006]. Briefly, it was performed by a multiproxy 
approach including: (1) annual layer counting using the seasonal variations of the stable 
hydrogen isotope ratio (δD) and the concentration of NH4+ as well as (2) the detection of time 
markers such as the Chernobyl accident in 1986 (from the 137Cs peak), the thermonuclear bomb 
tests in 1963 (from the 3H maximum) and well-documented Saharan dust events. Since 
publication of the record to 1940 [Jenk et al., 2006], analyses of major ion concentrations and 
water stable isotopes were completed, allowing a more accurate and slightly revised dating by 
annual layer counting [Mariani et al., 2014]. Based on this revised dating, a record of water 
stable isotopes and accumulation for FH was published for the more recent part [Mariani et al., 
2014]. The changes applied to the initial dating are in the order of ± 1-2 years back to 1900, 
gradually increasing to around -10 to -15 years for the oldest part of the record. As a result, the 
age of the oldest sample changed from around 1650 to around 1660. Here, the new and more 
accurate dating was used and the previously published data [Jenk et al., 2006] were revised 
accordingly to result in a consistent and most reliable combined record. The dating uncertainty 
is estimated to ±30 years for the oldest part of the record (1660) gradually decreasing to ±3 
years for the period 1940-1962 and ±1 years for the period 1962-2002. In this work, 62 samples 
from the uppermost part of the Fiescherhorn ice core covering the period 1940-2002 and largely 
consisting of firn were analyzed. 
  
6.3.2 Sample Preparation 
 
The density profile shows that samples from above ~40 m depth (~1990-2002) consist of firn 
(ρ < 800 kg m-3), samples from ~40-80 m depth (~1960-1990) contain the firn-ice transition 
(800 kg m-3 < ρ < 917 kg m-3) whereas samples from layers below (older than ~1960) are solid 
ice samples. For the firn and firn-ice transition part of the ice core analyzed in this study, the 
sections were cut into pieces, the potentially contaminated outer layers (~0.5 cm of the surface) 
were removed using a pre-cleaned stainless-steel band saw, and the derived samples were 
further decontaminated by chiseling off possible contamination from the previous step with a 




a cold room (−20ºC). Sections were then combined aiming for annually resolved samples 
resulting in 200-700 g of ice, then melted at room temperature and filtered using quartz fiber 
filters (Pallflex Tissuquartz™, 2500QAO-UP, ~11 mm diameter, pre-heated for >4 h at 650°C). 
Filters were subsequently acidified three times with ~50 μL of 0.2 M HCl to remove carbonates 
and placed for ~2-3 h in a laminar flow-box until complete dryness.  
 
6.3.3 WIOC and EC separation and quantification 
 
WIOC and EC were separated with a recently developed thermal-optical method (Swiss_4S), quantified 
with a non-dispersive infrared (NDIR) detector using an OC/EC analyzer (Sunset Laboratory Inc., USA) 
and evolving CO2 being individually trapped cryogenically and finally sealed in glass ampoules for 14C 
analysis [Zhang et al., 2012; Cao et al., 2013]. Because we only consider the filtered, insoluble part in 
this study, this fraction is denoted as water-insoluble OC (WIOC). In contrast to the previously used 
purely thermal method [Szidat et al., 2004; Jenk et al., 2007], losses or artificial formation (charring) of 
EC during the thermal treatment was evaluated by monitoring the optical transmittance of the filter 
samples. This allowed to significantly suppress charring, which on average accounted for less than 10% 
EC only. 
 
6.3.4 WSOC estimation 
 
Dissolved orangic carbon (DOC) were photochemical oxidized with UV (the detail of DOC 
analyses could found in Fang et al., 2019). Ice samples were rinsed using ultra-pure water and 
melted in the reactor. After the ice melted, sample is filtrated by a pre-baked quartz filter. 
Filtration is performed at inert gas conditions, always preserving a little overpressure to prevent 
ambient air from leaking into the setup. The sample volume is determined by measuring the 
reactor fill level. The filtrate is acidified by mixing with base water. After the degassing of IC, 
1ml of 40mM H2O2 injected into reactor right before the irradiation start. During UV oxidation, 
water vapor is removed by cryogenic trap at – 60 °C and CO2 is trap in liquid nitrogen. The 
sample CO2 is further cleaned from residual water vapor, quantified manometrically. In the end, 
CO2 is sealed in a glass vial for 14C analyses. DOC concentrations are calculated from measured 




monoacids and formaldehyde as proxy of WSOC preserved in ice core. We estimated WSOC 
by subtracting most abundant monoacids, formate and acetate. Although lacking data of other 
organic gases could leading to overestimated WSOC concentration, regarding low 
concentration of these organic gases in ice (< 5% of DOC in 1990s), the offset should as low 
as few ppbC level [Legrand et al., 2007; Legrand et al., 2013]. WSOC record only obtain for 
the period before 1990 because the contamination of dissolved organic carbon for low-density 
firn samle[Fang et al., 2019]. 
 
6.3.5 14C analysis  
 
14C measurements were carried out at the Laboratory of Ion Beam Physics (ETH Zürich, 
Switzerland) and the new Laboratory for the Analysis of Radiocarbon at the Bern University 
(LARA) using the MIni CArbon DAting System (MICADAS) equipped with a gas ion source 
Wacker et al., 2013; Szidat et al., 2014. All 14C results were expressed as fraction modern (F14C) 
defined as the fraction of the measured 14C/12C ratio related to the 14C/12C ratio of the reference 
year 1950 Reimer et al., 2004. F14C(OC) was corrected for the procedural blanks with a carbon 
mass of 2.8±0.8 µg (n=11) and an F14C value of 0.81±0.13 (n=4) The blank contribution for 
F14C(EC) is negligible because the carbon mass of the EC blank (0.32±0.14 μg, n=4) with an 
estimated F14C value of ~0.3 Jenk et al., 2006 is around 10 times lower than the 14C-AMS limit 
of detection (~3-5 μg) and thus no correction was applied. 
 
6.3.6 Radiocarbon based source apportionment  
 
Fossil carbon is characterized by F14C=0 due the decay of 14C with a half-life of 5730 years. 
Note that since 1955, the F14C value of contemporary carbon from biogenic sources and 
biomass burning (i.e., F14Cbio and F14Cbb, respectively) is bigger than F14C=1, the theoretical 
modern level of contemporary carbon, due to the excess from nuclear-bomb testing in the 1950s 
and 1960s Szidat et al., 2006; Levin et al., 2010. For source apportionment, the obtained F14C 
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fNF(ref) is the reference value representing F14C of non-fossil sources at the time when the 
particles were deposited on the glacier (i.e. age of surrounding ice layer as defined by the dating 
of the core). It includes biogenic (bio) and biomass-burning (bb) sources and assumes 
contributions from other non-fossil sources (e.g. cooking emissions) to be negligible. 
Accordingly, fNF(ref) is obtained by:  
𝑓𝑓NF(ref) = 𝑝𝑝bio × F14Cbio(ref) + (1 − 𝑝𝑝bio) × F14C bb(ref)         (2) 
where pbio refers to the fraction of the biogenic sources to the total non-fossil sources. The value 
of F14Cbb was estimated by a tree-growth model including 10-year, 20-year, 40-year, 70-year 
and 85-year old trees with weights of 0.2, 0.2, 0.4, 0.1, and 0.1, respectively Mohn et al., 2008. 
The resulting reservoir age is 19±4 yrs. The value of F14Cbio was taken from the long-term 
series of atmospheric 14CO2 measurements at the Schauinsland station Levin et al., 2010 after 
1950 and the IntCal13 dataset Reimer et al., 2013 before 1950. For the tree growth model, we 
assumed uncertainties of 10% for both tree ages and age distribution (weighting). pbio is 
assigned as 0 (i.e. 100% from biomass burning) for fNF(ref) of EC since biomass burning is the 
only non-fossil source of EC, whereas pbio is assigned as 0.5 ± 0.2 for WIOC by assuming that 
non-fossil WIOC equally originates from direct biogenic emissions and biomass burning with 
50 % Minguillon et al., 2011. These values were constrained based on the knowledge that 
biomass burning contributes more to non-fossil emissions of OC compared to non-fossil EC 
and less compared to the contribution to dissolved organic carbon (DOC). For DOC, May et al. 
(2013) estimated a turnover-time of 3 years which corresponds to a value of ~0.8 for pbio in our 
approach (see turnover-times indicated in Fig. S7). We assgined 0.70 ± 0.15 as pbio value for 
DOC/WSOC. Despite the relative uncertainty of pbio being rather large, its contribution to the 
overall uncertainty is small compared to the analytical uncertainty when propagated in all 
subsequent calculations. The temporal evolution of atmospheric 14CO2, fNF(ref) of WSOC, 
WIOC and EC is shown in Figure S6.1 with the defined 1σ confidence bands indicated. For the 
previously published data Jenk et al., 2006, such a reservoir effect was not considered. 
Therefore, the data was revised here for consistency although the resulting change on final 
values is insignificant (less than 1%) because those samples were not affected by the period of 




on average (all samples. fNF was used to calculate concentrations of non-fossil and fossil WSOC, 
WIOC and EC, respectively (e.g. [WIOC] × fNF(WIOC) = [(WIOC)NF] and [WIOC] × (1 - 
fNF(WIOC)) = [(WIOC)F]. The uncertainty of these fractions is estimated to be less than 20% 
on average. 
 
6.3.7 Potential emission source regions 
 
To investigate the source of historical atmospheric carbonaceous aerosols, we used the atmospheric 
transport and deposition model FLEXPART. The resulting footprint indicates that central Europe 
including Switzerland, eastern France, northern Italy and southern Germany is the main potential source 
region (Fig. S6.2) Atmospheric loading of BC, organic carbon (OC) and non-methane volatile organic 
compound (NMVOC) at the ice core site were estimated based on the footprint and regional emission 
inventories for the period 1850-2000 [Bond et al., 2007; Lamarque et al., 2010]. The model run based 
on the assumption of that on a decadal time scale there is little change in atmospheric transport. All the 
simulation was applied to Jungfraujoch where meteorological observation available. We assume the 
transport and deposition of aerosol to Jungfraujoch were similar to Fiescherhorn since these two location 
are not far from each other. The final footprint is showed in the Fig. S6.2. The simulation indicated that 
central Europe are the sources to atmospheric aerosol loading in Jungfraujoch/Fiescherhorn atmospheric 
column. Switzerland, east France, north Italy and Germany are the main potential source regions. 
Atmospheric BC, OC and NMVOC loading transport to Jungfraujoch were estimated based on this 
footprint and potential region historical emission inventories in the decadal scale for the period 1850-
2000. The sources considered were agriculture, air traffic, agricultural waste burning, domestic 
consumption, energy production (power plants), industry, shipping, solvent emission, land traffic, waste 
emission, forest fires, and grassfires. The result then is a time series of 10-year average mass mixing 
ratios (ug/kg) of the above compounds at the location of Jungfraujoch and for the period of 1850 to 2000 
(Fig. S6.2). Domestic emission (residential and commercial consumption) is the dominated source of 
BC and OC, whereas traffic and solvent emission are the major component for NMVOC after 1960s. 
The traffic emission increase since 1950s for both BC, OC and NMVOC. In order to perform comparison 
our record to historical emission data, we re-categorized the sources into fossil, non-fossil origin. Air 
flight, surface traffic, industry, shipping, solvent and power plants emission are fossil emission since the 
main fuel consumption is fossil fuel. Agriculture, grassfire, agriculture waste and forest fire are 
categorized as non-fossil emission. As we mentioned above, domestic emission is dominate for 




in the pre-industrial and earlier industrial period. Then more fossil contribution after industrial 
revolution but emission decrease since 1940s because of the emission regulation in Europe. Based on 
the good agreement between values of atmospheric BCdom and ice core ECf (Fig. 6.2) we deduce that 
fossil fuel was the main source of domestic BC emission in Central Europe for the period of 1900-1950. 
Accordingly, we define the difference between ECf and BCf as fossil fraction of BCdom (BCdomf). 
Individual samples shown as circles in the Fig. S6.7, and the line are the smoothed fits.  The fossil 
contribution to BCdom was low before 1850 (~ 29%), increased to more than 80% during 1890-1920 
(Fig. S6.7), then it declined steadily to low level at the end of 20th century.  
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Figure S6.1 Fraction modern (F14C) of atmospheric CO2 as well as F14C  reference values for 
non-fossil sources (fNF(ref)) of WSOC, WIOC and EC for the period 1940-2002. The shaded 
areas indicate the 1σ confidence band estimated by error propagation including the uncertainty 
related to the reservoir age in trees (tree age and tree age distribution) and additionally for 
WSOC and WIOC the uncertainty regarding pbio, i.e. the fraction of the biogenic sources 
unrelated to combustion processes (0.7 ± 0.15,  0.5 ± 0.2 and 0.0 for WSOC,  WIOC and EC, 


























Figure S6.2 a) Footprint of potential emission sources, b) Estimated atmospheric BC, NMVOC 







































Figure S6.3 Non-fossil fraction of EC (fNF(EC)) for the time period 1840-2002 a) and the 
corresponding concentrations from non-fossilb) and fossil c) sources as attributed based on 14C. 
The data shown are the combined results from samples analysed in this study (1940–2002) and 
Jenk et al., 2006 (1660–1940), see main text. fNF(EC) values before 1840 (in light gray) are 
questionable due to very high dust load in the respective samplesJenk et al., 2006. 1σ 
uncertainty estimates include both, analytical and the modeling uncertainty shown in Fig. S1. 










































Figure S6.4 Non-fossil fraction of WIOC (fNF(WIOC)) for the time period 1680-2002 a) and  
the corresponding WIOC concentrations from non-fossil b) and fossil c) sources as attributed 
based on 14C. The data shown are the combined results from samples analysed in this study 
(1940–2002) and [Jenk et al., 2006] (1660–1940), see main text. 1σ uncertainty estimates 
include both, the analytical and the modeling uncertainty shown in Figure S6.1. Thick line: 5-














































Figure S6.5 Non-fossil fraction of WSOC (fNF(WSOC)) for the time period 1680-1990 a) and  
the corresponding WSOC concentrations from non-fossil b) and fossil c) sources as attributed 
based on 14C. The WSOC data only reach up to 1990 due to the firn sample contamination Fang 
et al., 2019. 1σ uncertainty estimates include both, the analytical and the modeling uncertainty 





Figure S6.6 a) The linear regression between atmospheric BC load and EC concentration in 
ice core. b) the linear regression between fossil NMVOC and WSOCf. 
 
 
Figure S6.7 The historical fossil and non-fossil contribution to domestic consumption based 
on the BC record. We assume the discrepancy between ECf and BCf, is caused by residential 
fossil consumption. The calculated 10-year average values indicated as dots and the line is the 
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7 Conclusion and Outlook 
 
The large uncertainty of aerosol radiative forcing from anthropogenic emissions is partly related 
to the lack of pre-industrial background data. Glaciers are valuable natural archives not just for 
climate signals, but also for the atmospheric composition. Aerosols are deposited on glaciers 
through wet and dry deposition, the latter being mostly of minor importance. Carbonaceous 
aerosols, consisting of the fractions of Element Carbon (EC) or Black Carbon (BC) deepened 
on the analytical method, Water Insoluble Organic Carbon (WIOC), and Water Soluble Organic 
Carbon (WSOC), for a major part of fine particles have attracted scientific attention due to their 
optical properties. Glacier ice cores are a unique tool to get direct insight into pre-industrial 
carbonaceous aerosol variability. WSOC is analyzed in the ice as dissolved organic carbon 
(DOC) when an ice sample is melted, which also contains organic gases taken up during the 
snowfall. There are very few existing records of EC and WIOC, and even less for WSOC.  
This thesis provided the first comprehensive evaluation of the great potential of applying 
radiocarbon analysis of the DOC fraction in ice cores at different time scale: before large scale 
human activities (biomass burning, fossil fuel burning, land use etc.), DO14C analysis was used 
to determine the age of the ice and for reconstructing the natural aerosol variability.  In addition, 
during and after the industrial revolution, 14C analysis of DOC in ice cores allowed to quantify 
the fossil fuel and thereby anthropogenic impact on the aerosol composition. All these studies 
were built on the new high oxidation efficiency and low blank DOC extraction method for 
radiocarbon analysis in ice core samples, optimized in this thesis. This new setup with inert gas 
(helium) atmosphere minimized the blank to 1.9 ± 1.6 μg C with a F14C value of 0.68 ± 0.13.  
With the optimized DOC extraction method, it was possible to analyse the DO14C in samples 
up to 350 g ice mass with a carbon content of as low as 25 µg C kg-1 ice. This high performance 
encouraged to re-evaluate the feasibility of applying DO14C analysis for ice core dating.  The 
first attempt to use DOC for 14C dating of ice samples was not entirely conclusive, suggesting 
potential in-situ production of 14C in the DOC fraction based on derived F14C values indicating 
super modern origin. Bottom ice samples from four glaciers (Colle Gnifetti, Belukha, 
ShuLeNanShan and Chongce) were dated in parallel with this new technique and with the well-
established WIO14C dating method. 14C ages of the two fractions yielded a comparable 




applicable and a valuable future tool for the dating of ice samples. The benefits of using the 
DOC fraction are not just reducing the required ice mass, but also improving the analytical 
precision. This is due to the relatively higher DOC concentration compared to WIOC, resulting 
in a larger total amount of carbon. In addition, one unexpected advantage is that carbonate 
removal is more efficient during the DOC extraction, even for high mineral dust loading. In 
such samples, a bias to older ages was observed for young sample, when dated with WIO14C . 
Finally, with this new DO14C method, it may be possible to push radiocarbon dating of ice a 
step forward even to remote and Polar Regions. The chronology of the Mt. Hunter (62o56’N, 
151o5’W, 3900 m asl., Central Alaska) core was successfully established based on both WIO14C 
and DO14C analysis techniques. This is the first time micro radiocarbon dating was applied to 
ice from an Arctic core, which was achieved by increasing the amount of ice (>1 kg) to obtain 
the required carbon mass and by using a new technique based on the dissolved organic carbon 
fraction. Calibrated 14C ages from the two bottom most sample (7946-10226 years cal BP and 
7018-7975 years cal BP) indicate that Mt. Hunter glacier is early Holocene origin. Mt. Hunter 
core provides the possibility to investigate the hydroclimate variability during warm intervals 
outside of the Common Era. 
In industrial times, anthropogenic emissions have significantly altered the aerosol 
composition.   The radiocarbon content in organic aerosols cannot be used to date the ice core 
anymore, but instead it provides a unique tracer for anthropogenic activities. This allows to 
establish the historical record of carbonaceous particle concentrations and their fossil and non-
fossil contributions, which is essential to understand the impact of atmospheric aerosols on 
global and regional climate. In this thesis, the first complete high-resolution carbonaceous 
aerosol record including the major fractions DOC, WIOC, and EC with the corresponding fossil 
and non-fossil contributions from pre-industrial to industrial times was reconstructed from the 
Fiescherhorn glacier ice core (3900 m asl., Swiss Alps). The total carbonaceous aerosol 
concentration increased by a factor of three at the end of the 20th century compared to the pre-
industrial background. Fossil fuel combustion contributed up to ~32% of the increase. EC had 
highest values in the first half of the 20th century, to a large extend caused by fossil fuel 
emissions. In contrast, OC (WIOC and WSOC) showed a strong increasing trend between 1940 
and 1980, mostly of non-fossil origin.  Compared to atmospheric concentration estimates from 
aerosol modelling using the Flexpart model, the increase in non-fossil OC was not reflected in 




20th century. We attribute this trend primarily to enhancement of SOA formation caused by the 
presence of anthropogenic precursor gases or by the increase of the atmospheric oxidative 
capacity. Thus, bottom-up emission inventories seem to heavily underestimate the atmospheric 
OC loading by not accounting adequately for SOA formation, limiting the capacity of current 
models in estimating anthropogenic aerosol forcing.  
This new DOC extraction method for 14C analysis has been successfully used for ice 
dating and quantifying the historical fossil fuel contribution to organic aerosols. From the 
technical aspect, upgrading the filtration system on DOC setup could help to obtain higher 
recovery for EC/WIOC analysis. This modification will allow rinsing of ultra-pure water 
through the melting vessel to increase the filtration efficiency by bringing all the particles down 
to the filter.  
To further validate the obtained DO14C ages, cross-comparison with other independent 
dating methods is necessary.  For example, tephra dating or cut-edge ultra-high resolution laser 
ablation (LA) ICP-MS systems. Ultra-high resolution could possible retrieve the annual 
seasonal variation signal even in the deepest part. Meanwhile, more 14C analyses in both WIOC 
and DOC fraction is still also essential to confirm the DO14C dating technique. With the 
upgraded filtration system the amount of ice required could be reduced by more than a factor 
of two for analyzing both fractions.  
To further push the limit of 14C analysis of low carbon content ice samples for dating, 
samples from remote regions, high altitude or even polar regions should be analyzed on the 
DOC extraction setup. For example, ice from Greenland contain WIOC as low as 5 µg/kg which 
is challenging for 14C analysis but may allow DO14C dating. This will generate guidance criteria 
which ice samples can be dated by 14C analysis. This new technique also shed some light on 
the dating of horizontal ice cores recovered from the ablation zone where the normal dating 
tools are impossible.  
Aerosols have very different regional scale distribution due to their short atmospheric 
lifetime and the uneven distribution of emissions sources. In addition, the onset of 
anthropogenic emissions varies from region to region. Reconstructing carbonaceous aerosol 
records from various locations could give more details on the regional and global picture how 




help to improve the understanding of the climate sensitivity to anthropogenic emissions at 
different scales and to reduce the uncertainties in aerosol forcing. In the future, the extension 
of carbonaceous aerosol records further back in time will enhance the knowledge about the 
natural aerosol variability under different climate conditions.  
This new technique has great potential for applications on all kinds of aquatic samples in 
many different fields of study. Applying it to the melting water on the glacier surface could 
allow investigating the biogeochemical cycle of microorganism living on the glacier surface or 
in cryoconite holes. To evaluate the impact of glacier runoff with respect to carbon input into 
downstream ecosystems, water samples from rivers having glacier meltwater input could be 
collected at different distances to calculate the carbon flux based on WIOC and DOC 14C 
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